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 In developing communities the occurrence of diarrhea has been reported at 
elevated levels as compared to those communities in more developed regions. Diarrheal 
diseases were linked to over one million deaths in 2012 throughout the world. While 
multiple pathways are present for the transmission of diarrheal diseases, water has been 
the focus for many aid organizations. Point-of-use (POU) water treatment methods are a 
common tool used by aid organizations in efforts to provide potable water. The CAWST 
biosand filter is a POU tool that has shown removal effectiveness of pathogenic 
microorganisms ranging from 90-99%. However, minimal literature was found that 
reported on the effectiveness of the filter within the larger body of the complex system 
found in all communities. Therefore a hypothesis was derived to confirm that the 
intervention of a CAWST biosand filter is the most significant factor in the reduction of 
the diarrheal health burden within households in developing regions. Communities 
located along the Amazon River in Para, Brazil were selected for study. Structural 
Equation Modeling (SEM) was utilized to aid in representing the complex set of 
relationships within the communities. The Mahalanobis-Taguchi Strategy (MTS) was 
also used to confirm variable significance in the SEM model. Results show that while the 
biosand filter does aid in the reduction of diarrheal occurrences it is not the most 
significant factor. Results varied on which factor influenced diarrheal occurrences the 
greatest but consistently included education, economic status, and sanitation. Further, 
results from the MTS analysis reported education as the largest factor influencing 
household health. Continued work is needed for further understanding of these factors 






Within the following document a novel approach to understanding impacts of 
interventions designed to alleviate poverty in developing regions is presented. The 
approach or methodology is taken from the disciplines of social science and 
econometrics. The paper is also presented in such a way that it allows the reader to 
observe the progression of the research through the four manuscripts written over the 
course of the past fourteen months. For these reasons a preface was established to prepare 
the reader for the layout of the thesis, the terminology to be expected within the thesis, 
and the nomenclature found in the thesis.  
 As the reader will see in the table of contents, the publication thesis option was 
utilized to incorporate the four manuscripts produced throughout this project. The first 
section of this thesis gives an introduction to the topic and presents a narrative of the 
researchers personal journey to completing this thesis. In the introduction a significant 
amount of time is given to establishing a needed understanding for the rest of the 
subsequent papers. The breadth to which this project covered was significant and 
therefore warranted a lengthy introduction. The introduction was also crucial for bringing 
together all of the different sub topics found throughout the following four manuscripts, 
as each manuscript only covered a particular amount of material. The narrative offers a 
brief journey of the authors understanding towards the project. Manuscript one through 
four were written over the past year. Manuscripts one, two and four were written to an 
audience in the International Water Association and manuscript three was written for a 
humanitarian aid conference. Understanding who the target audience was is important for 
a full understanding by the reader. Finally, the second section of the thesis offers a 
conclusion to all of these manuscripts and brings the readers focus back to the original 
hypothesis.  
 The terminology found within this document is derived from several different 
origins which may confuse the reader. While written from an Environmental Engineering 
point of reference, the methodology used within the research stems from the fields of 
statistics, social science and information systems. However, it should also be noted that 




a focal point in this research, this thesis was not written to withstand the deepest scrutiny 
within the statistical field. A balance between scientific enterprise and statistical 
procedures needs to be accepted by the reader.  
 Terms such as latent and indicator variables, causal influences, direct and indirect 
effects, path analysis, and indicator significance are common throughout the body of 
literature. These terms are associated with the statistical tools used and an understanding 
of these terms is needed. The methodology utilized within this research, while 
statistically robust, is commonly used in the social science and econometric disciplines. 
Terms such as multidimensional poverty, socio-economic status, household education 
level and cognitive ability are also found throughout this thesis and help to capture the 
breadth of the project. These terms and others are defined within the nomenclature 
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Acronym       Description 
 
SEM              Structural Equation Modeling – a statistical procedure used to estimate    
causal relations based on a set of researcher specified hypotheses 
MTS               Mahalanobis-Taguchi Strategy – a pattern recognition technique 
SES                Socio Economic Status – the level of ‘wealth’ within the household 
HEL               Household Education Level – the cognitive abilities of a household 
DHB              Diarrheal Health Burden – issues relating to diarrhea within the household 
Definitions 
Latent Variable – a variable that cannot be measured directly but is hypothesized to exist 
Indicator Variable – observed variable that helps to describe the latent variable 
Causal Influence – the direction of effect that two variables share 
Path Analysis – multivariate technique used to analyze multiple relationships 
simultaneously  
Indicator Significance – the importance of an indicator variable in representing the 
concept described by the latent variable 
Multidimensional Poverty – the complex set of parameters that influence poverty 
Theoretical Approach – concepts derived from literature and personal experience 















1.1. THE PROBLEM  
In 2012 6.6 million children under the age of five died from preventable diseases. 
Diarrhea is the second leading cause of death for children under five (World Health 
Organization, 2013). Diarrheal diseases can be transmitted through a variety of ways, 
these are referred to as the fecal to oral pathways (Ben-Joseph, 2013). These pathways 
include fluids, fingers, fields, flies and foods. One major pathway identified by the World 
Health Organization (WHO) is fluids, more specifically water (Bartram, 2008). A large 
portion of literature has been devoted to showing the relationship between the diarrheal 
health burden (DHB) of an impoverished household and the water that it consumes 
(Black, Morris, & Bryce, 2003; Fewtrell et al., 2005; Ozkan et al., 2007). The United 
Nations (UN), through the WHO and Millennium Development Goals (MDGs), has 
stated that clean water is the most important step in reducing diarrhea and sickness within 
developing regions (WHO Media Centre, 2013). This statement is manifested through the 
actions of many non-governmental organizations; NGOs (Ahmed & Svennerholm, 2009).  
 With this notion so heavily engrained in the culture of development aid, 
verification of this statement is crucial. However, while being a widely accepted notion, 
within academic literature support for this hypothesis is lacking. This is not to say that 
there aren’t reports showing individual variables that offer a large reduction in diarrheal 
occurrences, but few reports holistically analyze all potential influences simultaneously 
regarding diarrhea. The third manuscript within this thesis offers a broader view in the 
area of implementation assessments. It is critical for the advancement in aid effectiveness 
to fully understand the complex environment in which it serves. As reflected in recent 
changes to organizational policies (Martindale, 2013; Peace Corps, 2012) a shift in focus 
is occurring to incorporate feedback loops to help understand these complex 
environments. Unfortunately, there is a significant gap within the literature in this area.   
A recent study implemented by Divelbiss et al. (Divelbiss, Boccelli, Succop, & 
Oerther, 2013) in Guatemala assessed the impact of point-of-use (POU) water filtration 
interventions on local communities utilizing the statistical tool structural equation 




Affordable Water and Sanitation Technology (CAWST) biosand filter which is used to 
improve individual household’s water quality. The holistic approach coupled with the use 
of SEM offered a robust novel analysis technique for impoverished communities. This 
same novel approach was utilized in this study for local communities located along the 
Amazon River in Para, Brazil that rely heavily on aforementioned CAWST biosand 
filters. The central hypothesis of this study was to confirm that the CAWST biosand filter 
is the most significant factor in the reduction of diarrheal occurrences in developing 
communities.  
To aid in the evaluation of this hypothesis, a complex set of relationships 
surrounding this hypothesis were also manifested into supporting hypotheses. These 
relationships were identified from Divelbiss’ study as well as a literature review 
regarding Brazil. Household education level (HEL), socio-economic status (SES), 
additional water treatment, improved water source, adequate sanitation and proper water 
storage were all identified as variables with potential to impact diarrheal occurrences 
within the household. HEL, SES, additional water treatment, and improved water source 
were additionally identified for potential to impact the operation and maintenance of the 
biosand filter. These eleven different relationships can be seen in Table 1.1. except for 
the relationship between an improved water source and the filter operation and 
maintenance. Explanations of these variables can be found in the Nomenclature as well as 
Appendix D.  
To assess the complex set of hypotheses, the experiment was carried out through 
the following tasks; 
 
Task 1: Take the existing SEM model and the accompanying survey from Divelbiss et al. 
and modify for location and cultural differences in Brazil (see appendix A)  
 
Task 2: Collect data through the implementation of household surveys and analyze data 
with SEM model, make adjustments if necessary  
 





Task 4: Use Mahalanobis-Taguchi Strategy (MTS) and data collected by the 
Demographic and Health Survey (DHS) Program to confirm the correct significant 
indicator variables were used in Divelbiss’ study in Guatemala (see appendix B) 
 
Tasks 1, 2 and 3 are all based on the methodology of SEM. Task 4 is based on the 
methodology of MTS. Together these tasks allowed for the experimentation of the 
primary hypothesis as well as the supporting hypotheses. 
Increased household educational level has a negative effect on the severity of 
diarrhea burden 
Increased socio-economic status has a negative effect on the severity of diarrhea 
burden 
Poor hygiene practices have a positive effect on the severity of diarrhea burden 
Additional water treatment beyond the filter has a negative effect on the severity of 
diarrhea burden  
Access to an improved water source has negative effect on the severity of diarrhea 
burden 
Access to adequate sanitation has a negative effect on the severity of diarrhea burden 
Proper water storage has a negative effect on the severity of diarrhea burden 
Increased socio-economic status has a positive effect on filter operation and 
maintenance 
Better personal hygiene practices have a positive effect on filter operation and 
maintenance 
Additional water treatment has a positive effect on filter operation and maintenance 




1.2.1. Structural Equation Modeling.  SEM is a statistical procedure used to 
estimate causal relations based on a set of researcher specified hypotheses. The 
relationships depicted in the hypotheses offered above (Table 1.1) are manifested in the 
complex multivariable model such as that shown in Figure 1.1. Within this model are two 
main types of variables, observed variables (variables that can be directly tested), 
represented by the boxes, and the latent or hidden variables (variables that cannot be 
Table 1.1 Supporting hypotheses identified from Divelbiss’ study and literature 




directly tested for), represented by the ovals. The arrows between the variables represent 
the direction of the hypothesized casual relationships. Measurement error variables are 
represented by circles with an ‘e’. Some relationships within Figure 1.1. may give the 
reader pause, such as the relationships between the latent variables (ovals) and the 
observed indicator variables (ie for SES; floor material, wall material, and population 
density). These relationships are part of what make SEM a robust statistical tool. 
To begin, a model is hypothesizes based on literature, the researchers field 
experience, local practitioners, and other resources. Once this is established a survey is 
created to gather data privy to the model. Within this study a household survey was 




1.2.2. Two-Step Approach.  SEM offers a wide variety of uses within different 
research fields. However, to use SEM as an exploratory technique (as this thesis does), a 
two-step approach is employed including: (step 1) the analysis of acceptable latent 
variables (this is referred to as the measurement model) and (step 2) then the analysis of 
fit indices of the model as a whole (a combination of the measurement model and the 





structural model as seen in Figure 1.1.). These steps, individually, can be seen as a 
Confirmatory Factor Analysis (CFA) approach where in one hypothesized model is 
compared to a data driven model using the covariance matrices of both for analysis. To 
assess the adequacy in similarity between the models, fit tests are utilized (see ‘Model Fit 
Indices’). If the two models (hypothesized and data driven) are not adequately similar 
then adjustments are made. Once a model is altered to improve fit, this process becomes 
exploratory, requiring new data to be collected and tested against the altered model. 
Because repeated steps are involved, as fit is evaluated, failure occurs and iteration drives 
the model towards a better representation of the relationships present within the 
environment.   
1.2.3. Step One - Measurement Model.  Once a full model is hypothesized and 
data is collected to populate it, the latent variables are then analyzed in what is referred to 
as the measurement model. The latent variables are what make SEM unique, but also 
warrant much attention when used.  
1.2.3.1. Latent variables.  Among the complex set of relationships within a 
developing community several variables offer a challenge to represent. Within the 
literature the reader can find much agreement in the representation of poor water 
practices (ie gathering, source, treatment, storage, etc.) and poor sanitation (ie direct 
relationship to the five ‘F’ diagram). These concepts or variables can be represented 
empirically without much discussion. For example, a researcher can empirically test that 
if water is not treated properly before consumption, diarrheal occurrences will increase 
(Quick et al., 2002). This idea of proper treatment of water (‘additional water treatment’) 
can be found as an independent observable variable within the SEM model (see Figure 
1.1.). However, the concepts within the literature that were not consistent in definition 
were that of education level (ie cognitive ability), socio economic status, and health. 
Among these concepts, definitions and assessment techniques varied widely. For this 
reason latent variables were used to represent these concepts in the SEM model.  
A latent variable is one that is hypothesized to exist, but that has not been 
measured directly (Grace 2006). As one may see from Figure 1.1. the latent variables 
(ovals) are regressed on the supporting indicator variables (boxes). These indicator 




variable. The term ‘indicator’ is used to identify the fact that it is not an exact 
representation of the concept of interest. With this type of regression pattern the latent 
variable is referred to as a reflective latent variable, as it is reflected within its indicator 
variables. Conversely, a formative latent variable has the indicator variables regressing 
on it. Figure 1.2. offers a visual comparison between the two types of latent variables. 
Table 1.2. provides a side by side comparison in regards to theoretical and empirical 
considerations and Figure 1.3. offers a visual aid to the concept of representation in a 
reflective latent variable. The difference lies in the direction of causality. For the Effect 
Model the concept, represented by the Greek letter zai, influences the indicator variables. 
As a change in the concept occurs, all indicator variables will change, this change is then 
captured and used to understand the concept. A popular concept that is highly studied is 
human intelligence, as human intelligence changes, it will be reflected in the indicator 
variables such as test taking abilities, reading abilities, memory abilities, etc. The delta 
variable refers to measurement error, this error represents the lack of correlation between 
the indicator variable and the latent concept. The Causal Model shows changes in 
indicators influencing the zai variable. This is commonly found in many measurement 
indices and relies solely on its specific indicators. Representation can be lost if a certain 
variable is removed or switched out which is not the case for the Effect Model.  


























































































The three latent variables used in the SEM model are reflective. Several steps can 
be taken to confirm that a reflective approach is needed over a formative approach 
(direction of arrows or causality). First, Grace 2006 offers four questions to test the 
theoretical approach taken by the researcher in choosing to use the reflective concept. 
First, what is the direction of causality? This was addressed in the prior section and 
serves as a significant step. The second part to this first question is that of independence 
among indicators. If high independence is found, then the reflective approach is not 
appropriate as all indicators would not react the same to changes in the overall concept. 
The second question offered by Grace is, are the indicators under a single latent variable 
interchangeable? As mentioned in the Causal Model (Figure 1.2), the formative approach 
relies heavily on the representation from its indicator variables, where in the reflective 
approach, indicators may be interchanged with little effect. The third question is, should 
there be an expectation that indicators under a latent variable should covary (e.g., because 
of joint causality)? This reflects the second question but in relation to covariance. Finally, 
the last question is, do the indicators associated with a latent variable have a consistent 
set of causal influences? This question is related to the first question and addresses the 
question of common antecedents among indicators. If a common antecedent is found then 
this is best modeled with the reflective approach and if not then the formative approach is 
best.  
 
Figure 1.3. Representation of shared variance among indicators (x1-x3). Hatched area is 
shared variance. Only this variance is linked to latent variable. Error variance can be 







A check of causality offered among other SEM scholars allows for an empirical 
analysis of causal direction. An investigation of the correlation matrix allows for this 
analysis. Within the correlation matrix, relationships between indicator variables under 
the same latent variable should have a high consistent correlation with each other. If this 
is the case, then causation should flow from the latent variable to its indicator variables. 
If a low or no correlation is found, then causation may flow from indicator variables to 
the latent variable.  
1.2.3.2. Graphical model.  A significant benefit in SEM is the utilization of a 
physical model; however, with the concept of reflective latent variables, much care is 
needed in the use of labels for these variables. For example, in Figure 1.1. the latent 
variable Household Education Level (HEL) may be interpreted as an average of school 
levels between the father and mother. This would in turn require the use of a formative 
latent variable as the indicator variables (mother and father school level) influence the 
latent variable (education level of the household). The intent of this variable is to 
represent the collective cognitive ability of the household. Much knowledge is gained 
outside of school and therefore school enrollment may not be effective as a sole indicator 
of cognition. It becomes theory driven when we start to look at locations or indicators of 
knowledge gain, for this reason reflective latent variables are used.  
1.2.3.3. Model fit indices.  A critical part of SEM is testing model fit. Testing 
model fit happens within the measurement model (ie latent variable relationships) and if 
fit is deemed adequate a second test of model fit happens within the full model. A large 
body of work is available for study on this subject as there are differing opinions on 
particular tests. However, generally, it is suggested to use Chi-Square (Bentler, P.M. 
2007), root mean square error of approximation; RMSEA (Hu, L. et al. 1998), 
Comparative Fit Index; CFI (Hu, L. et al. 1998), and Tucker Lewis Index; TLI (Muthen 
& Muthen 2012). The software package MPLUS 7 was used for analysis of data (Muthen 
& Muthen 2012). Within this software package the authors, Muthen & Muthen 
recommend three of these four tests of model fit be ‘adequate’. Literature offers certain 




RMSEA p < .10, CFI > .9, and TLI > .9. It should be noted that models should not be 
assessed and adjusted by these statistical tests alone, careful consideration of concepts 
within the model need to be taken in combination with the results of model fit tests.  
1.2.4. Step-Two Structural/Full Model.  If the assessment of the measurement 
model produces an acceptable outcome (via researcher assessment of proper direction of 
regression and model fit tests) the structural model can be incorporated to create the full 
model. As the latent variables have been tested for robust representation the hypothesized 
structural model is assessed using path analysis. This assessment incorporates the original 
hypothesis along with the supporting hypotheses.  
1.2.4.1. Path analysis.  Path analysis allows for the assessment of direct and 
indirect effects between variables within the SEM model. The use of statistical 
techniques such as partial regression and maximum likelihood are used to assess the 
multi-dependent relationships within the SEM model. The analysis of this is reported in 
terms of path coefficients, either in standardized or unstandardized format. Each format 
offers a crucial piece of information about the model. The standardized path coefficients 
allow for direct and indirect effects to be totaled and reported. These totals present both 
magnitude and positive/negative influences of exogenous variables (observed and latent) 
on the endogenous variable(s) in units of standard deviation. Significance levels of each 
variable can be obtained through comparison of the standardized path coefficients and a 
rank of important variables can be established. Unstandardized path coefficients allow for 
the individual casual effects between two variables to be analyzed. As a one unit change 
in the exogenous variable occurs, the path coefficient unit depicts the amount and 
direction of change in the endogenous variable. Table 1.3. reports the eight rules of path 
coefficients that offer a guideline to using path analysis. An understanding of the data 






1.2.4.2. Identification.  To identify a hybrid model, such as the one utilized in 
this analysis, identification of the measurement model and the full model is needed. A 
model is identified if there are as many or more known values as compared to the number 
of parameters to be estimated. Both models within this thesis satisfy that requirement.   
1.2.5. Software.  There are several software packages available that allow for 
usage of SEM. The one utilized for this thesis was MPLUS 7. This software package has 
recently become more popular within fields that often work with SEM such as 
Econometrics and the Social Sciences. MPLUS 7 uses the same underlining equations as 
the more widely known LISREL package but offers more options in terms of analysis 
techniques. 
Table 1.3. Rules of path coefficients, applicable for both standardized (given) 





1.2.6. Multicollinearity.  An issue that arises when working with multiple robust 
latent variables and independent variables that are all hypothesized to regress on one or 
two variables is multicollinearity. This means that two or more variables that are thought 
to be separate concepts within the model are actually highly correlated (>0.5-0.6). While 
MPLUS 7 does not directly test for this, investigation of correlations between the 
structural model variables can identify potential issues. This phenomenon was monitored 
throughout the analysis and was not found to be an issue.   
1.2.7. Confidence Bounds. Within the path analysis, confidence intervals were 
established at a 5% upper and lower limit (ie 90%). Besides the HEL variable (discussed 
later) no bounds were found to have a change in sign (insinuating a positive or negative 
flip of influence) unless the parameter was between +/-0.046 which meant that the 
pathway was assessed to carry negligible effects. 
1.2.8. Data Source.  Data from Brazil was collected using household surveys that 
complimented the current SEM model. Help from local practitioners and translators also 
enabled the collection of data. Cluster sampling was used while in the villages of Brazil. 
Once data was recorded, it was transferred to excel for further analysis. Data from 
Guatemala was also analyzed in the last manuscript. This data was collected by the 
Demographic and Health Survey (DHS) Program, who is funded by United States 
Agency for International Development (USAID). They administer household surveys 
throughout the world including Guatemala. Their surveys can be accessed on a per 
household level with a specific region of a country using cluster sampling techniques. 
Data access and aggregation is a big issue when analyzing developing countries and an 
area that needs much improvement to allow for better feedback.  
1.2.9. Mahalanobis-Taguchi Strategy.  Finally, MTS was utilized in the last 
manuscript of this thesis. MTS is a pattern recognition technique that was made popular 
by Taguchi in 2002 (Taguchi & Jugulum, 2002). It has been used primarily in the 
automotive industry, however, it shows promise in multiple disciplines. Dr. Elizabeth 
Cudney is a professor in the Engineering Management and Systems Engineering 
department at Missouri University of Science and Technology and has written multiple 
articles on the utilization of MTS and MTGS. We collaborated with her on the final paper 




The purpose of using MTS was to verify that the correct indicators were chosen in 
reference to the latent variables in the SEM model from Divelbiss et al. As previously 
stated, the latent variables are derived from theoretical means. MTS allows for 
verification of the correct indicators and is unique because of the utilization of the 
Mahalanobis distance (MD). MD is a measure of distance that utilizes orthogonal 
transcriptions within the correlation matrix to eliminate issues with multicollinearity. By 
analyzing variances and covariances the MD approach differs from classical statistical 
approaches. It is also able to account for independent and dependent variables within the 
same set. The driven purpose of MTS is to accurately predict significant variables that 
show similar patterns within a multidimensional system (Taguchi & Jugulum, 2002).  
Utilizing a different statistical tool to analyze different data (DHS from the same 
region and demographic of Guatemala) allows for a unique set of significant indicator 
variables to be identified. These results can then be used to either support or reject the 
indicators used in Divelbiss’ model. The reader is referred to Paper 4 for the full report. 
 
1.3. BACKGROUND 
1.3.1. CAWST Biosand Filter.  The CAWST biosand filter was originally 
constructed by Dr. David Manz in the 1990’s at the University of Calgary, Canada. With 
the biosand filter becoming very popular among aid organizations the Centre for 
Affordable Water and Sanitation Technology was established as a professional service 
provider in 2001. CAWST offers support services, ranging from community 
demonstrations to technical papers on effectiveness.  
 The limited materials needed for construction offer a very promising tool to 
regions that may have issues with access to resources. Cement, gravel, sand, baffle, lid, 
piping and a bucket are all that is needed to improve water quality in a house. Once 
implemented in the house, water is poured in the top, over the baffle and clean water is 







Figure 1.4. A description of what is incorporated in the CAWST biosand filter found in 
the CAWST manual (CAWST, 2009) 
 
 
There are four specific types of pathogenic microorganism removal processes; 
predation, trapping, adsorption and natural death. Trapping, adsorption and natural death 
all occur within the body of the sand. Some organisms are too large to pass through, 
others are adsorbed to the surface of the sand by adhesion principles (ie mechanical, 
chemical, dispersive, electrostatic, and diffusive), and still others are caught in an 
anaerobic region for a period of time and die off. However, the most important removal 
process of the filter is predation. Predation happens on the surface of the sand in the 
biofilm or schmutzdecke layer. If the filter is utilized at least three times a week and is 
kept moist, the biofilm layer will continue to aid in removal of contaminants. It takes five 
to seven days for the biofilm layer to grow, but the filter can still be used in this time. 




 The CAWST biosand filter has been documented to remove 100% of helminthes 
and protozoa, 98.5% of bacteria, and 70-99% of viruses. It also is able to remove 
turbidity and iron at up to 95%. Finally, arsenic can be removed with the addition of rusty 
nails within the sand layer; this is referred to as the Kanchan Filer. An extensive 
collection of literature on the CAWST biosand filter can be found on their website 
(Centre for Affordable Water and Sanitation Technology, 2013). 
 To ensure a high level of removal efficiency, maintenance is recommended every 
30 to 40 days. Maintenance includes the scrapping and mixing of the top inch of sand 
with a user’s hand. The biofilm layer becomes clogged as it grows too thick and sediment 
collects on top. Once disturbed, the film layer will take another five to seven days to 
grow back however, flow rates should greatly improve. Once a year all of the sand should 
be removed from the filter casing and washed. With these basic maintenance steps 
potable water can be provided (Centre for Affordable Water and Sanitation Technology, 
2009).  
1.3.2. Locations.  Once the intervention item had been selected, locations needed 
to be established. For the project implemented by Divelbiss et al. in Guatemala, Divelbiss 
had previously worked with an organization in the region of Quiche, Guatemala to build 
and distribute CAWST biosand filters. A return trip one year later allowed for the 
assessment of the implementation.  
 The region of Quiche, Guatemala has both the central highlands and the mountain 
ranges of Sierra de los Cuchumatanes and Sierra de Chuacus. The villages under study 
had been relocated in prior years and placed according to a grid by government officials. 
This created a unique dynamic in cultures and languages but still had the common 
problem of sickness and disease, thought, in larger part, to be attributed to contaminated 
water sources.  
 From the results of Divelbiss et al. further investigation was warranted on the 
original hypothesis. In the fall of 2012 Dr. Daniel Oerther was on a Fulbright Teaching 
Scholarship near Santarem, Para, Brazil. Through his work in the region Dr. Oerther 
became familiar with the work of the organization Project Amazon (PAZ). Primarily a 




biosand filters for villages located along the Amazon River. With over 10,000 filters 
distributed, the area offered a great opportunity to study a vastly different environment.  
 Brazil is a middle income country with a growing economy (The World Bank, 
2014). However, many pockets of low income or impoverished households can still be 
found. The villages studied within the Para region are located in the flood plain of the 
Amazon River. All houses are erected on stilts and made of wood. Depending on location 
of the village, the river completely floods the area for one to four months out of the year. 
The most common job for males within the region is fishing and for females is souvenir 
creation. Portuguese is the only language spoken which meant translators were heavily 
relied on. Most, if not all, children were found to be in school. A yellow school boat was 
even available for transport to and from school. Taxi boats were available for use but 
limited in scheduling and destination. The water source utilized by villagers was typically 
from the river. Personal latrines were common; they were in the form of an outhouse with 
a chute down into a hole in the river bed. During high water season, these would flood 
and downstream neighbors would unknowingly have raw waste water. There was a single 
power line running through most of the villages and some families utilized car batteries to 
run personal items. Health posts were located in larger villages but many did not have 
their own. It was apparent that on average these families did not live uncomfortably but 
















2. NARRATIVE OF LEARNING 
 
2.1. MY PATH TO COLLEGE 
I am originally from a small town in Kansas called Hesston. I spent the majority 
of my life there and enjoyed much of it. I was fortunate to be brought up with both my 
parents and a younger brother. My father is a professor in Microbiology, my mother is a 
social worker at the Veterans Administration and my brother is on the pre-med track as a 
junior in College. I was involved in a plethora of sports in high school as was a part of the 
concert and jazz band throughout high school. I grew up in the Mennonite Christian 
Community which greatly emphasized mission work. Since a young age I have always 
wanted to help people and as I neared the end of my high school career I felt that a degree 
in Civil Engineering could help facilitate this.  
 
2.2. UNDERGRADUATE STUDIES 
I began my college career at Bethel College playing football. Bethel is a private 
Mennonite university as is Hesston College where I would transfer each spring semester 
to play baseball. For two years I transferred back and forth playing football and baseball, 
all the while taking classes that ranged from engineering to religion to conflict studies. In 
August of 2010 I transferred to MST to play baseball and continue my studies in Civil 
Engineering. I was able to get involved in Engineers Without Borders which allowed me 
to gain a new perspective on helping people. However, my path was severely changed 
when I met Dr. Daniel Oerther.  
At the time, Dr. Oerther had also just arrived at MST and was teaching the Intro 
to Environmental Engineering course. Doing well in this class and knowing he was also 
interested in poverty alleviation I took a 390 research project with him the next two 
semesters. Much of my final year of undergraduate was spent in confusion of how best to 
help people; much of this was attributed to Dr. Oerther, lovingly of course.  
 I had the pleasure of working with Dr. Oerther’s graduate student, Andrew 
Schriner on utilizing crowd sourcing as a solution for poverty. As a civil engineer 
focused on building water tanks for people in developing countries I felt very misplaced 




not dying of diarrhea I struggle to visualize the bigger picture. Moving into my final 
semester and last undergraduate research project I still had my sights on becoming a 
missionary but had thoughts of graduate school. My research focus was on popular point 
of use water treatment methods and creating a display. This allowed me to investigate the 
environments in which these items were used and the positives and negatives about each. 
I also found myself uncertain on when each of them were appropriate to use in different 
situations, due to the complexity of the situations. However, this complexity was only the 
tip of the ice burg as I would soon realize. So, I committed to undertaking my masters 
with Dr. Oerther. 
 
2.3. GRADUATE STUDIES 
To begin my master’s program I had the opportunity to travel to India for one 
month with a group of MST students and Dr. Oerther. This experience destroyed any 
notion of saving the world through water tanks. Working in villages, staying in five star 
hotels, passing families living in tents and collaborating with local college students put 
my little world in global perspective. However, deep down, I still held on to the idea that 
since my research group was testing water we were making the biggest difference. In my 
trip I found the hardest experience to handle was returning to the United States. My focus 
shifted from water tank solutions to an understanding of different solutions for different 
communities. But, I still believed in one ‘sliver bullet’ solution.  
 In March of 2013 I traveled to Para, Brazil to begin my thesis research. Brazil 
offered a very different environment than India and a very different set of problems 
within the rural communities. Working in these communities, asking about personal 
education and wealth along with health issues forced me to realize the complexity of 
developing regions. Analyzing these issues involved getting exposure to the world of 
statistics. I was fortunate to have a fantastic statistics teacher (Dr. Samaranayake) who 
was able to help me understand the importance of statistical analysis in effective research. 
With all of this knowledge in hand I returned to Brazil in September to continue my 
research. 
 My final step came through literature reviews this semester. The book, Poor 




two people. With this knowledge I press forward both unsure and excited about my future 



































I. UTILIZING STUCTRUAL EQUATION MODELING TO 
CORRELATE BIOSAND FILTER PERFORMANCE AND 
OCCURANCE OF DIARRHEA IN ENSEADO DO ARITAPERA, 
PARA, BRAZIL  
Abstract 
Previously, Divelbiss and co-workers demonstrated the use of structural equation 
modeling to evaluate the effectiveness of point of use biosand filters to reduce diarrhea 
transmission in rural Guatemala.  While prior research in the laboratory and in the field 
has documented the effectiveness of biosand filters to remove infectious agents 
(Palmateer et al. 1999, Stauber et al. 2006, Stauber et al. 2009, Aiken et al. 2011, 
Fabiszewski et al. 2012), experience in field sites suggests that multiple local factors 
greatly influence diarrhea transmission.  This study employed a holistic approach to 
evaluate the benefit of biosand filters by including household education level, 
socioeconomic status, as well as maintenance and sanitation as factors to impact diarrhea 
transmission for households in the Amazon River basin in Brazil. The strongest 
correlation found was between the utilization of an ‘improved’ water source and the 
reduction of diarrhea within the household. Socio-economic indicators were also 
collected, such as household density, improved roof, and ownership of a personal boat 
amongst others. Of the 18 correlations amongst indicators of wealth (6) and diarrhea (3), 
16 were negatively correlated, supporting the prior findings by Divelbiss et al. Also, the 
increased quality of the operation and maintenance of the POU was also found to have a 
negative correlation with the occurrence of diarrhea within the house supporting the 
original hypothesis that access to filters is not the primary factor influencing diarrhea 
transmission. While the findings within this project support the results of Divelbiss et al., 
more research is needed to effectively warrant change on a large scale within ‘aid 
distribution’. 
Introduction 
Diarrhea is an important public health problem closely associated with hygiene 




quantity, combined with a lack of basic sanitation and poor hygiene, create risk 
conditions for endemic transmission of pathogens.  While developed countries have 
created public health systems that effectively break the fecal-oral route of exposure, in 
developing countries the transmission of diarrhea via unclean water accounts for over 
85% of the global diarrhea disease burden (Tiwari et al. 2009). These health risks, while 
harmful to adults, can be devastating to children. More than 6.6 million children younger 
than 5 years perish annually from preventable diseases (Black et al. 2003). Reports 
suggest that diarrheal diseases is the second leading cause of child death in the world 
(Tiwari et al. 2009). While a scientific understanding of clean water and promoting 
efficienct interventions are important, it is also important to recognize that the 
transmission of diarrhea is dependent upon many variables including fluids (water), 
fingers, flies, feces, and fields as well as the personal and collective decisions made by 
individuals, households, communities, and nations.  
While epidemiological statistical tools such as relative risk often are used to 
evaluate the probably of illness among an exposures group as compared to a group 
protected through an intervention, the complex nature of diarrhea transmission is better 
studied using a more complex statistical tool.  Structural equation modeling (SEM) is a 
useful tool for capturing the complex relationships imagined among diverse variables. 
SEM is a statistical procedure used to estimate causal relations based on a set of 
researcher specified hypotheses. SEMs share the characteristic of requiring a pre data 
model that theorize relationships and allow the application of both observed and latent 
variables. As previously described, model specification is commonly based on theories, 
previously published research, and experience of the researchers (Divelbiss et al. 2013). 
Conceptual models are used to explain complex relationships.  The concepts are reduced 
to equations using software and the results of experimental data are used to validate all or 
portions of the conceptual model within a degree of statistical certainty.  Previously, 
SEM was used to evaluate diarrhea transmission in the Ixcan region of Guatemala 
(Divelbiss, 2013). 
In this study, a modified version of a previous SEM was created using field 
observation of households in Enseado Do Aritapera, Para, Brazil.  Biosand filters have 




diarrhea transmission.  This intervention was organized by a Christian missionary team 
operating in Para, Brazil.  The filters used in this intervention were of the design 
promoted by the Centre for Affordable Water and Sanitation Technology, Calgary, 
Alberta, Canada or known more commonly as the CAWST BSF.  Previously, the BSF 
has proved effective in removing pathogens, parasites, turbidity and some metals (Kubare 
et al. 2010).  The objective of this study was to evaluate if diarrhea has been reduced in 
the target community, and if the BSF is responsible for any improvement. 
Methodology 
SEM has been described as a combination of exploratory factor analysis and 
multiple regression (Schreiber et al. 2006). SEM allows for the analysis of relationships 
between independent variables and dependent variables where either type can be 
represented by a measured variable (directly observed) or a latent variable (unobserved, 
not directly observed) (Ullman 2006). SEM has been used extensively in psychological, 
social, and behavioral sciences (Bentler et al. 1999). However, recent work has been done 
to utilize the added benefits in SEM analysis such as latent variables and multiple 
hypothesis modeling. Traditionally, SEM has been used primarily as a confirmatory 
technique, but it can be used for exploratory purposes (Schreiber et al. 2006). Muthen and 
Muthen created the software package MPLUS to allow researchers to utilize the SEM 
technique quickly and easily.  MPLUS 7 was used in this study.  
To use SEM as an exploratory technique, a two-step approach was employed 
including: (step 1) the analysis of acceptable latent variables and (step 2) then the 
analysis of fit indices of the model as a whole (Divelbiss et al. 2013).  Iacobucci reported 
that a minimum of 50 samples are required to populate the model correctly (2009); 
whereas other studies have recommended larger sample sizes (Ullman 2006, Schreiber et 
al 2006 and Barrett 2006).  For the purposes of this study, Chi-square, Comparative Fit 
Index (CFI), and Root Mean Square Error of Approximation (RMSEA) were used to test 
model fit.  Further information on these techniques and others can be found in Schreiber 
et al. 2006, Ullman 2006, Barrett 2006, Bentler et al. 1999 or Hu et al 1998.  
The use of SEM as an exploratory technique arises from iterative attempts to 
populate the theorized model.  Because repeated steps are involved, as fit is evaluated, 




relationships present within the environment.  Within the MPLUS7 software package, 
residual values are provided in tabular format allowing the user to evaluate the fitness of 
variables.  In ideal cases, reconstruction of the conceptual model can improve fit, reduce 
residuals, and lead to an improved understanding of the environment. 
The village of Enseado Do Aritapera is located within the municipality of 
Santarem in the state of Para, Brazil (2.4300 S, 54.7200 W).  During the rainy season, the 
village is flooded for approximately three months (March, April, and May).  During this 
time, all water is consumed from the Tapajos River directly.  As the flood waters recede, 
wells and springs are used to provide access to shallow ground water.  A native translator 
was recruited to provide assistance with the field study.  For each group of homes, a visit 
was made to the local political leader, and he or she was recruited to assist in the 
identification of twenty ‘random’ homes.  While the households were selected at random, 
it was necessary to use the assistance of the local political leader to create a list of 
households; hence while random the potential for bias could exist within household 
selection.  Samples of household potable water and water supply were collected and 
analyzed in the field, and an interview was performed with an adult member of each 
household. 
The field survey has been published previously (Divelbiss et al, 2013).  
Modifications to the survey were included based upon the details of the study site.  A 
total of 55 questions were created, and each household was surveyed with the assistance 
of a translator.  A complete copy of the survey is provided as a supplementary document. 
To analyze the data collected from the survey, two different approaches were 
used.  The first approach used SEM as an exploratory technique.  However, with a small 
sample size the method of bootstrapping was used to provide a statically appropriate 
sample size.  As expected, bootstrapping created variability within the data so multiple 
(60) bootstrapped samples were analyzed and the results were aggregated for reporting.  
This approach allowed for general analysis of the model, however, it should be noted that 
the use of bootstrapping with SEM should be avoided. 
The second approach used an analysis of a correlation matrix. When working with 
latent variables, the correlations between the observable variables that collectively 




and consistently (+/- .2 range) (Grace 2006). It is also possible to assess trends in 
correlations with other observable variables outside of the individual latent variables.  
While the statistical significance of these numbers can be found following most general 
statistical literature. But again, caution is needed correlation may not be robust, the 
observed trends provide corroborating support for the results observed through 
bootstrapping.  Collectively, these results can be used in aggregate to test the validity of 
the conceptual model in SEM. 
Results 
A graphical representation of the conceptual model used previously by Divelbiss 
et al (2013) is provided in Figure 1.  This graphical representation is based upon the 
following hypotheses: 
• Increased household educational level has a negative effect on the severity of 
diarrhea burden 
• Increased socio-economic status has a negative effect on the severity of diarrhea 
burden 




• Poor hygiene practices have a positive effect on the severity of diarrhea burden 
• Additional water treatment beyond the filter has a negative effect on the severity 
of diarrhea burden  
• Access to an improved water source has negative effect on the severity of diarrhea 
burden 
• Access to adequate sanitation has a negative effect on the severity of diarrhea 
burden 
• Proper water storage has a negative effect on the severity of diarrhea burden 
Limited research has been performed to identify filter operation and maintenance 
characteristics that have a specific response to various household characteristics. 
Therefore the following hypotheses were suggested based on expectations of how certain 
household characteristics would affect filter operation and maintenance, and findings in 
the literature associated with the impacts on diarrheal burden: 
• Increased socio-economic status has a positive effect on filter operation and 
maintenance 
• Better personal hygiene practices have a positive effect on filter operation and 
maintenance 
• Additional water treatment has a positive effect on filter operation and 
maintenance 
• Increased household educational Level has a positive effect on filter operation and 
maintenance 
• Proper filter operation and maintenance is expected to have a negative effect on 
diarrhea burden due to the results from case-control studies.   
Observations of the homes in Enseado Do Aritapera, Para, Brazil suggested that 
the approach used in Guatemala required modification.  For example, due to the location 




• Access to an improved water source has a negative effect on the severity of 
diarrhea burden 
The reason behind this hypothesis was the living situation of the villagers. All 
houses were erected on stilts, and at the time of the administration of the survey, each of 
the homes sites was flooded by the Tapajos River.  Canoes and larger river boats were the 
only access villagers had to transportation.  Flooding limited villagers in terms of the 
selection of drinking water source.  Using observations from the field, a modified 





The oral survey instrument previously developed by Divelbiss et al was modified 
as follows: 
 
• only one parent was asked about education level, 
• the languages spoken within the house were changed to fit Portuguese and local 
dialects and  
• an additional question on household population was constructed.  





As part of the determination of socioeconomic status, the ownership of a personal 
boat was added to help represent the latent variable. The observable variables for DHB 
(diarrheal health burden) changed slightly in hopes of allowing for a more significant 
correlation. Children under the age of ten were noted, and diarrhea lasting more than one 
day was used as a variable.  In looking at the independent observable variables the only 
change made was to the ‘Soap Present in Home’ as the use of soap was promoted by the 
village leaders already within the community. An additional requirement was added in 
the presence of a towel. These changes were made before data collection began and then 
reassessed after. 
The conceptual model presented in Figure 2. was modified after bootstrap 
analysis with the oral survey data.  The final model is presented in Figure 3.  From this 
figure the direct effects can be viewed represented by an arrow and a number. The 
number can be interpreted as with a one point increase in the variable in which the arrow 
originated the correlation factor gives the increase or decrease of the variables to which 
the arrow reaches to. For example, as AWT (additional water treatment) increases by one 
point, FOM (filter operation and maintenance) will increase by 0.3 points, therefore 
having a moderately positive effect on FOM. A list of the twelve hypotheses, the 
direct/indirect effect and correlation factor associated with the relationship, can be found 
Figure 3. Fitted model that shows numeric (standardized) direct effects between 





in Table 1. The latent variables are represented by circles and the observable variables are 
represented by squares. In the model the strongest correlation between two variables is 
the effect the household education level (HEL) has on the filter operation and 
maintenance (2.5 point increase). Socio-economic status (SES) has the second largest 
effect amongst all relationships with a 1.0 factor increase on FOM.  
For the DHB variable, the strongest correlation is that of HEL on DHB with a -0.5 factor. 
A negative factor in this scenario means that as the education level increases within the 
household the diarrheal burden decreases. Similarly with FOM, a -0.1 factor is found to 
directly affect the diarrheal burden in the house.  
Evaluation of the latent variables was also performed. The representation within 
HEL and SES variables only utilize two observable variables. The recommended 
minimum is three observable variables with similar correlation factors (Grace 2006). The 
latent variable DHB has three representative observable variables, however the 
correlation factors are not strong indicators of good representation. Aware of these 
concerns, for the purposes of using SEM as an exploratory technique the trends in 
correlations are presented in Table 1.   
Table 2. shows the correlation matrix that was computed from the data utilizing 
Excel 2007. The highlighted green squares show the relationships that are significant. 
Significant meaning the value is greater than 2/n1/2, where n = 20. This means that any 
value that is found to be greater than 0.447 can be thought of as significant (Walsh). It 
can be observed that the strongest correlation was between IWS (improved water source) 
and diarrhea. This correlation was negative supporting what is already known, ‘drinking 
contaminated water results in more diarrhea.’ The second highest correlation is between 
being able to afford water being pumped to the house and IWSt (improved water storage) 
within the house.  This is a positive correlation.  Of the six significant correlations found 
in the matrix, half of them were associated with the SES of the household. Of the six SES 
variables assessed within the survey, all had an average negative correlation with DHB. 
Of the 18 total correlations between the factors associated with SES (6) and factors 
associated with DHB (3), 16 had negative factors, four of which were of low to moderate 




With the limited data, residuals were not available, however, improvement factors 
to model could be assessed through the correlation matrix. A pattern of consistent, 
moderate to high significance levels within each of the three latent variables within the 
model were assessed. The lack of representation within the latent variable HEL is evident 
in only two poorly correlated observable variables. The observable variables for DHB 
had better correlation but still needs improvement with the possibility that an additional 
variable might be needed. SES had the best representation in its observable variables, 





Table 1. Results from physical MPLUS7 model. 
a Original hypotheses established from previously collected data, b Answer to hypotheses 
after data analysis, 
c If hypothesis was answered through compound relationships, d Path coefficient 
 
Table 2. Correlation matrix from raw data. Green is latent variable HEL, orange is 





Discussion and Conclusion 
Table 1 shows the original hypotheses and whether the data agreed or disagreed 
with each one. Only two of the twelve either were not analyzed or had no significance. 
The data shows that education plays a significant role within both filter operation and 
maintenance in the house but also plays a role in a decrease in diarrheal health burden 
within the house. As preventing sickness through consuming unclean water (ie fluids) is 
only one of the five major ways to contract diarrhea, it is not surprising that a general 
higher education level helps in reducing other areas of potential contamination. SES 
within the household was the second most important factor in proper use of the BSF. The 
more money people had in this village correlated with the ability to correctly take care of 
the filter. It did not, however, correlate with a significant decrease in diarrhea found 
within the household. The SES indicator did have issues with large variances within the 
bootstrapped data sets and warrants further consideration in a larger data set. 
Interestingly, the significance of education within the household was more important to 
decreasing diarrheal issues within the house then the presence of the BSF.  This result is 
consistent with Divelbiss, and suggests that while access to a BSF may be helpful, there 
are benefits to other types of interventions if the ultimate objective is to reduce the 
occurrence of diarrhea illness. 
Table 2 presents the correlation matrix as discussed in the results. The matrix 
provides more information regarding the SES relationships that were not significant in 
the model. The fact that SES observable variables were present within half of the 
significant correlations overall as well as having a negative correlation with 16 of 18 
diarrheal correlations warrants further study of the factor SES plays in the health of a 
household. The UNICEP and many non-governmental organizations focus a great deal on 
water improvements; this is reinforced in the research project as an important topic. But, 
arguably equally as important is the issue of a household’s socio economic status. 
In comparing these results to Divelbiss’ work in Guatemala we see similarities in 
the models. The importance of education and its effect on the overall diarrheal health 
burden is echoed in both projects. As well as the importance of proper household hygiene 




factor within Divelbiss’ model, but this warrants further analysis in the raw data as was 
apparent in this project.  
From these results we see the importance of quality water within the health of the 
household. But, we are also made aware of the factor that education and socio economic 
status play within the health of the household. A greater push for education as well as job 
opportunities and resources to help people help themselves also plays a significant role 
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II. UTILIZING STRUCTURAL EQUATION MODELING AS AN 
EVALUATION TOOL FOR CRITICAL PARAMETERS OF THE 
BIOSAND FILTER IN A PILOT STUDY IN PARA, BRAZIL  
Abstract 
Biosand filters (BSF) have brought potable water to many communities throughout 
the world. A significant number of studies have shown the effectiveness of the filter if 
utilized properly. However, Divelbiss et al. 2013 investigated the BSF from a holistic 
view of the community. Results showed, while important, the BSF was not among the 
significant factors for health improvement. This pilot study, as part of a larger case study, 
investigated the issues behind these findings. Utilizing the SEM model that explained the 
complex system of interactions within the Guatemalan communities, several Brazilian 
communities along the Amazon River were studied. While further research is ongoing, it 
was found that the BSF, again while important, was not the largest factor in the 
improvement of health within the household. Socio-economic status and improved water 
source had the largest positive impact on health improvement. It was also found that 
additional water treatment had the highest negative effect of the usage of the BSF. 
Introduction 
The biosand filter (BSF) has been utilized within developing regions for over 200 
years (CAWST 2012). A strong body of literature has been established on the 
effectiveness of the biosand filter, in particular the BSF produced by Centre for 
Affordable Water and Sanitation Technology; CAWST (Stauber, C. et al. 2009; Tiwari, 
S. et al. 2009; Aiken et al. 2011; Vanderzwaag et al. 2009). Many of these studies show 
that in a controlled setting, whether in a laboratory or in the field, a removal of at least 1 
log is achievable for a majority of harmful contaminants within water. However, this 
removal is highly dependent on the users understanding of operation and maintenance of 
the BSF. The BSF can be found in over 60 different countries within 400,000 different 
households (CAWST 2012). Over this spectrum of communities that are found within 
these many countries, numerous cultural understandings, education levels, economic 
statuses, health issues, and other societal issues can be found. Divelbiss et al. 2013 
studied one particular set of communities located in northern Guatemala. The studies 




‘multidimensional’ issue of poverty. The primary hypothesis of the BSF having the 
largest effect on improving community member’s health, was not found. Divelbiss 
reports, “the community is a complex system of interactions which directly and indirectly 
influence the health of its residents. Policy makers and development practitioners must 
recognize that single target interventions (e.g., improving water quality) have limited 
influence on the entire system (Divelbiss et al. 2013).” This study, being limited to 
northern Guatemala, warranted further investigation.  
A secondary study site was selected in the region of Para, Brazil. This site allowed for 
significant cultural and locational differences. Within this case study, a feasibility and 
pilot study have been administered by Voth-Gaeddert and colleagues. Voth-Gaeddert et 
al. 2013 successfully demonstrated the adaptability of the Structural Equation Modeling 
(SEM) model that described the complex system of interactions within the Guatemalan 
communities to the Brazilian communities found along the Amazon River. In September 
of 2013 a pilot study was conducted amongst the communities in the Para region. This 
region was selected because a Christian organization known as Project Amazon (PAZ) 
distributed over 10,000 BSFs among rural villages within this area.  
Divelbess used the statistical platform SEM to describe the complex system of 
interactions within the communities. Factors such as filter operation and maintenance 
(FOM) of the BSFs, household education level (HEL), socio-economic status (SES), 
diarrheal health burden (DHB), household sanitation, and water consumption habits could 
be assessed simultaneously. SEM can be either exploratory or confirmatory in its analysis 
approach and offers a unique combination of features. These include hidden or latent 
variables (ex. SES in Brazil could be represented by what material the house is made 
from, ownership of a boat and number of working light bulbs in the house), simultaneous 
regression analysis, non-summation of errors within aggregated indicators, and a robust 
graphical interface. Using SEM, assessments of interventions within communities are 
possible. The significance of understanding what factors have the largest effect within a 






Two goals were specified within this pilot project, the first was to confirm what was 
found by Voth-Gaeddert et al. 2013 showing feasibility in the transition of a region 
specific survey and SEM model used in Guatemala and the application of these two tools 
to a region in Brazil. The second goal was to use the revised survey in the first iteration 
of the SEM model in an exploratory style of analysis. This survey would populate an 
SEM model that had been revised after the feasibility study performed by Voth-Gaeddert. 
However, utilizing SEM for exploratory style of analysis requires a full understanding of 
the techniques involved.   
A devotion to a particular set of steps is crucial to producing statistically accurate 
SEM models. SEM has a broad range of abilities; this study focuses on a single particular 
ability. The reader is encouraged to study Grace 2006 or Kline 2005. In this particular 
usage of SEM further care has to be taken due to the use of exploratory techniques and a 
balance needs to be taken when working with both Exploratory and Confirmatory Factor 
Analysis (EFA and CFA, respectively) (Grace 2006 and Kline 2005). CFA is, as the 
name suggests, a confirmatory technique- it is theory driven. Therefore, the planning of 
the analysis is driven by the theoretical relationships among the observed (indicator) and 
unobserved (latent) variables. When CFA is used, one hypothesized model (outcome of 
Voth-Gaeddert et al. 2013) is being compared to a data driven (observed) model using the 
covariance matrices of both for analysis. A minimization of the difference between 
matrices is the goal of CFA and is tested through Chi-Square tests as well as others 
(Schreiber et al. 2006). CFA is used in SEM in the first step of a two-step process. A 
model of only the latent variables and their indicator variables is created to test for fit 
within the latent variables; this is called the measurement model (see Figure 1.). If the 
measurement model fits according to the fit indices (see Hu, L. et al. 1998; Bentler, P.M. 











A structural model describes the relationships between the latent variables as well 
as other independent observables variables that are hypothesized to have effects within 
the model. Again, simultaneous regression analysis is used to represent these 
relationships by way of linear regression (for continuous variables) or log regression (for 
categorical variables). In Table 1. a list of all variables within the model can be found 
with the type of variables (continuous or categorical) and a brief definition.  
EFA is outside the scope of this paper, however it can be an effective tool when 
relationships between factor and indicator variables are unknown (see Grace 2006).  
Once a model has shown ‘adequate fit’ and a new set of data has been used to populate 
and confirm adequate fit, the path coefficients can be assessed. Looking at the 
unstandardized path coefficients, direct and indirect effects can be analyzed. The path 
coefficients can be interpreted as unit increases between variables. For example in Figure 
2 a direct path from SES to HHB can be seen with a coefficient of -.115. This means that 
Figure 1. Measurement Model with 





as SES increases by one unit (an increase in “wealth”), HHB will decrease by .115 units 
(improved health). However, it is stressed within the literature that causal assumptions 
are held for the reader to determine but can be discussed within the discussion section of 
a report (Kline 2005).  
A significant part of this style of SEM is testing model fit. A large body of work is 
available for study on this subject as there are differing opinions on particular tests. 
However, generally, it is suggest to use Chi-Square (Bentler, P.M. 2007), root mean 
square error of approximation; RMSEA (Hu, L. et al. 1998), Comparative Fit Index; CFI 
(Hu, L. et al. 1998), and Tucker Lewis Index; TLI (Muthen & Muthen 2012). The 
software package MPLUS 7 was used for analysis of data (Muthen & Muthen 2012).  
A continued awareness and analysis of cultural differences is crucial when working 
with multiple global locations. For this reason, changes to the survey and the SEM model 
from Voth-Gaeddert et al. 2013 were made as a deeper understanding of cultural 
influences were discovered. These changes occurred mainly within the observable 
indicator variables used to represent the latent variables in the model. All changes were 
made either before data collection began or at the time of transition from confirmatory 
analysis to exploratory analysis. Understanding impacts of BSFs in communities around 








Results and Discussion 
The following changes were conducted due to cultural observations made while in the 
field. Variables are listed and are then followed by an explanation: 
 HEL observable variable ‘Reading and Writing’ test was administered 
The previous SEM model only used two observable variables to describe HEL which 
in the literature is said to have a weak representation. Three or more observable variables 
are recommended to help explain the variance within the HEL factor. A reading and 
writing test does not allow the interviewee to hide illiteracy and helps accurately describe 
education of that household.  
 SES observable variables of ownership of a TV, shower, working light bulbs, 
material of water storage container, and ‘improved’ roof, along with others were 
collected 
A wide spectrum of SES indicators can be found in the literature. This range includes 
using income level, type of job, net worth of physical objects found in the household, 
type of objects in household or a combination of these (Jones, E.C. et al 2011; Dressler, 
Variable Definition Type
Y1 Reading and Writing Score Ordinal
Y2 Paternal Education Level Ordinal
Y3 Maternal Education Level Ordinal
Y4 Improved Roof Dictomous
Y5 Owns a TV Dictomous
Y6 Owns a Shower Dictomous
Y7 Has Multiple Working Lightbulbs Dictomous
Y8 Improved Water Storage Material Dictomous
Y9 Severity of Sickness Ordinal
Y10 Occurrence of Sickness Ordinal
Y11 Wait Period of Sickness and Doctor Visit Ordinal
Y12 Children Under 11 Dictomous
Y13 Filter Operation and Maintenance Ordinal
Y14 Improved Sanitation Dictomous
Y15 Improved Water Source Dictomous
Y16 Improved Water Treatment Dictomous
Y17 Improved Water Storage Dictomous





W.W. 1998). Further study is needed within this particular subject on strength of 
indicators. Physical objects found in the household were the main indicators for SES 
within this study.  
 DHB was changed to Household Health Burden (HHB) which included severity and 
type of illness 
This transition from DHB to HHB was due to a lack of occurrence of diarrhea during the 
low season of the Amazon River. This could have been due to the location of latrines. 
During the rainy season, the Amazon River floods the latrines and carries the contents 
downstream past other villager’s households. The top health issues were recorded for 
each household and these were used to rank the level of the adverse health burden found 
in the given household. 
 Independent variables were changed; ‘Soap & Towel Present’ to ‘Improved Storage’ 
and definition of terms changed 
While the importance of soap and towel within a household remains important, it 
was found that over 90% of the sample population had these items. This term was then 
incorporated into the ‘Improved Sanitation’ score partly defined by WHO (WHO 2006). 
After further investigation the variable ‘Improved Storage’ was added to test the 
hypothesis that if a household stores their water properly, the occurrence of diarrhea 
within the household will go down. Additionally definitions of ‘Additional Water 
Treatment’ and ‘Adequate Sanitation’ were changed to ‘Improved Water Treatment’ and 
‘Improved Sanitation’ to be consistent with WHO terminology (WHO 2006).  
From these changes a new theoretical model was created and data from 41 
households were used to populate the altered hypothetical model. A measurement model 
was first run to assess the fit of observable indicator variables on their respective latent 
variables. Failures in model identification occurred due to poor explained variance within 
particular factors. After assessment of raw data and of MPLUS 7 output data (including 
parameter estimates, residuals, and variances) issues were highlighted and further 
literature reviews were done. As change in the model should not be data driven alone, 
alternative models were assessed based off of literature reviews (Guest, G. 2000; 




analysis should be done with caution, however it can still provide productive insight to 
the model. 
The alternative model that had the best fit (χ2= 54.5 , p>.077; RMSEA <.171; CFI 
= .92 ; TLI = .89) is shown in Figure 1. The model showed close to adequate fit (p>.05, 
<.08, .90, .90, respectively); however it needs to be noted that with a small sample size 
the fit indices are less accurate. The structural model could then be added to the 
measurement model to create the full model. Again, adjustments had to be made with 
relationships inside the model. The alternate model that showed the best fit still fell far 
short of the goodness of fit tests (χ2= 54.5 , p>.0012; RMSEA <.01; CFI = .62 ; TLI = 
.52). However, even with a failed model, some important insights can be gained. 
Even with an exploratory style of analysis observations can be gained through both the 
model failures as well as the final “best fit” model. These observations are; 
 HEL needs the addition of indicator variables to improve representative strength, 
these could include reported reading habits, vocational classes taken or attendance of 
school for children 
 SES was represented the best out of all factors, however, ownership of a shower and 
TV were problematic, so consideration of the usage of overall income and occupation 
could improve representation 
 SES had a negative effect with HHB (improved health) 
 HHB indicator relationship between ‘severity of sickness’ and ‘children under 11’ 
could have been an issue 
 HHB may be changed to Activities of Daily Living (ADL) or International 
Classification of Functioning, Disability and Health (ICF) depending on findings in 
ongoing research 
 FOM had negligible effect on HHB 
 ‘Improved Water Treatment’ has highest negative effect on FOM (worsened use of 
filter)   
 ‘Improved Source’ had highest negative effect with HHB (improved health the best) 
 Poor definitions within the survey of ‘Improved Source’ may have led to some of the 




It is important to provide discussion of these observations from a holistic view of the 
larger body of work between Guatemala and Brazil. Therefore it can be observed that 
HEL was not well represented within this study. This may have been the main issue in 
the lack of fit of the full model. The idea that an increase in education will indirectly 
affect the filters ability to improve overall health within the house was uncertain. Would 
an increase in education cause them to use alternative methods to filter water; such as 
using chlorine or a ceramic filter? An improved representation of HEL will allow for 
further analysis of this question in the next study. 
SES was represented well; however, even with “good fit,” proper representation 
(selecting the ‘best’ indicators) is the goal. SES was shown (in Figure 2.) to have the 
second largest negative effect on HHB and to also have a negative effect on FOM. This 
could suggest that as “wealth” increases within the household alternative methods are 
used to acquire clean drinking water; such as buying bottled water or chlorine. This 
would create a negative effect on FOM but possible improve the overall health within the 
house. 
The “Improvement” variables within the model (Y14-Y17) were all regressed on 
HHB but only Y15 and Y16 of these four were regressed on FOM. Improved Water 
Treatment had the largest negative effect on FOM. This suggests that as other treatment 
methods are utilized within the house, the operation of the BSF in the house decreases. A 
reexamination of the raw data shows that 20% of household used chlorine and of those 
users of chlorine, 40% used it incorrectly. The main fallacy that was found was the usage 
of chlorine before filtration through the BSF. This would compromise the biofilm layer 
that is an integral part of the contaminant removal process. Improved Sanitation and 
Improved Source (of water) had a positive impact on health issues within the households.  
Finally, FOM had a near negligible effect on HHB. This could have occurred for 
several reasons. The most likely is poor representation within the latent variable HHB or 
the cumulative score associated with FOM. Further investigation is needed to help shed 











The second iteration within this study allowed for a significant step to identifying the 
correct SEM model to represent the environment within households of this region. As 
outlined in the Results and Discussion section, focus on strengthening representation 
within latent variables will significantly improve the scores to the goodness of fit tests. 
The survey used in data collection will be adjusted accordingly. As with all SEM models, 
a deeper understanding of the scenario that is being modeled will increase the ability of 
the model to properly represent it. SEM has good potential to serve as a platform for a 
more standardized approach in analyzing situations within impoverished areas, however 
further analysis is needed to show what can be accomplished through SEM. 
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III. UTILIZING STRUCTURAL EQUATION MODELING IN THE 
DEVELOPMENT OF A STANDARDIZED INTERVENTION 
ASSESSMENT TOOL  
Abstract 
There are numerous approaches to measuring multidimensional poverty; these 
include the Human Development Index and the Multidimensional Poverty Index among 
others [1]. However, a gap in the literature is found when intervention assessment tools 
are investigated. The idea of creating a standardized assessment tool would allow for a 
deeper understanding of poverty on a per community basis. Structural Equation Modeling 
(SEM) offers a robust platform in which to establish such a tool. An overview of SEM 
and several other general approaches to data aggregation are addressed. The notion of a 
standardized intervention assessment tool is discussed; this is focused on utilizing the 
SEM platform for this tool. Further, previous works by Divelbiss [2] and Voth-Gaeddert 
[3], [4] are discussed. To date SEM has shown to handle adaptability of differing 
environments positively. Divelbiss reported on the SEM multivariable poverty model 
within villages of Guatemala and Voth-Gaeddert reports on the applicability of this 
model used in a dissimilar environment in Brazil. These findings suggest feasibility in the 
utilization of a SEM platform for a standardized intervention assessment tool. 
1. Introduction 
The Millennium Development Goals (MDGs) offer a broad spectrum of issues that 
are found in impoverished areas around the world. These goals include; eradication of 
extreme poverty, universal education, gender equality, reduction of child mortality, 
improved maternal health, combating prevalent diseases, promotion of environmental 
sustainability, and promoting global partnerships [5]. Many unaffiliated organizations are 
also working on these issues throughout the world. While some of these goals are on 
track, unfortunately the UN reports that, “accelerated progress and bolder action are 
needed in many areas” [5]. To address these issues more effectively a deeper 
understanding of how poverty is defined, is needed. 
The term poverty is a broadly used word that encompasses a broad array of 
definitions. Independent researchers have slight deviations when defining and measuring 




measurements or indices recently have started incorporating a multidimensional 
approach. The term multidimensional poverty was first pioneered by Bourguignon and 
Chakravarty and Tsui and has manifested into a larger section of literature [7].  The 
concept of poverty being ‘multi-dimensional’ is highlighted by the spectrum of goals 
outlined in the UN’s MDG’s [5]. It is now broadly understood that poverty is 
multidimensional in character; the Human Development Index, for example, recognizes 
the role of health and education in addition to socio economic levels [8].    
Currently there are many non-governmental organizations (NGOs) trying to 
effectively implement projects as well as government agencies that spend millions of 
dollars a year on poverty eradication. While a representative universal method for 
measuring poverty will be of great value, the immediate focus should be on effectiveness 
of foreign aid. The UN MDG report says that, “based on a wide range of statistics, the 
actions of all stakeholders are coalescing in the achievement of many of the MDGs. At 
the same time, a majority of items on the agenda remain incomplete [5].” On January 
17th Engineers Without Boarders (EWB) national staff met to, “create a common 
understanding of the terminology [that they] will use to define EWB-USA’s impact in the 
world and … theory of change [9].” “EWB-USA recognizes the need for a strong and 
coherent planning, monitoring and evaluation framework that promotes learning and 
improved performance [9].” Many dedicated organizations are looking for an effective 
way to measure their impact on the communities they are involved in. There is a clear 
need for a standardized assessment plan for post implementation of projects within 
foreign aid. 
Previous work by Divelbiss, D., Voth-Gaeddert, L.E., and Oerther, D.B. [2] [3] [4] 
has incorporated the utilization of structural equation modeling (SEM) as an assessment 
tool. After a completed analysis in northern Guatemala [2] and preliminary studies in 
Brazil [3], [4], early indications are good for a community specific intervention 
assessment tool using SEM. A consistent result through all projects has been the lack of 
monetary income having the strongest direct effect to poor health within these particular 
communities. Significant work has been done by Schriner, A. and Oerther D.B. on a 




analysis of health correlations among education, economic status and sanitation will 
provide much needed direction for foreign aid efforts.  
There is a strong body of work on how to measure multidimensional poverty globally. 
However, this differs from a project based assessment tool and it is felt that a gap in the 
literature is present within this particular subject. This paper will cover a brief outline of 
several measures of multidimensional poverty, including SEM. However, the larger focus 
will be on the use of the SEM platform for a universal community focused foreign aid 
assessment tool and examples from previous research. 
2. Measuring Multidimensional Poverty 
To analyze something as complex as poverty, multiple variables are often used in 
measurement. These particular measures often aggregate data to simplify or score the 
variables so they can be analyzed. Depending on the measured scores weights can be 
added to variables that report a higher or lower significance. Several types of poverty 
measures can be found in the literature, these include Composite Welfare Indicators; 
CWI [11], Multidimensional Poverty Index; MPI [1], Human Development Index; HDI 
[12], Water Poverty Index; WPI [13] Comprehensive Poverty Index; CPI, and 
Bourguignon-Fields Class of Poverty Indices; BFPI [14] among others. Each of these 
measures uses certain approaches to adjust for issues within the data. Some of these 
approaches include the Fuzzy Set Approach [15], Axiomatic approach [16], Information 
Theory Approach [17] [18], Distance Function Approach [19] and SEM Approach [20] 
among others. A number of articles offered reviews of multiple approaches, those papers 
include; Deutsch and Silber 2005 [21], Ningaye, P. et al. 2013 [11], Walker, R. et al. 
2007 [22]. These approaches are complex and many refer to textbooks to grasp a full 
understanding of them. A brief overview is all that is offered in this text; a more in depth 
look is outside the scope of this paper, however, references to further literature can be 
found throughout each section.    
The Fuzzy Set Approach has proven to be a powerful way of dealing with the 
vagueness of the term poverty. Fuzzy sets attempt to address two major issues within 
multidimensional poverty, 1) the identification of a poverty line or threshold and 2) the 
choice of a unit of analysis as well as of a measure, or better put; the aggregation problem 




impoverished? Also, using fuzzy aggregation methods and weights, calibrations and 
single scores can be accumulated. For further analysis of the Fuzzy Set Approach see 
Lemmi, A. & Betti, G. 2006 [23]. 
The Oxford English Dictionary defines axiomatic or an axiom as, “a proposition that 
commends itself to general acceptance; a well-established or universally conceded 
principle.” The axiomatic approach within multidimensional poverty is a list of rules that 
are followed within the literature when working in this particular subject area. For 
example, Tsui (2002) [24] provides a list of six axioms that unidimensional poverty 
measures are often assumed to satisfy: focus, symmetry, plication invariance, 
monotonicity, continuity and subgroup consistency [25]. This approach helps standardize 
analysis methods but can also lead to deviations within approaches. 
Information Theory Approach is based around the concept of information expectancy. 
The expected result of an experience is established and a probability is then defined to 
have that result actually occur. The term entropy can then be introduced [26] [18], 
entropy is typically the expected information from the experience had. Miceli 1997 [27] 
was the first to apply this to multidimensional poverty. Miceli suggests that a 
measurement can be obtained from the distribution of the composite index. This index is 
an output from a function that describes the distribution of the probability of a result of an 
experience [21].   
The Distance Function Approach is very useful in describing an outcome, such as 
standard of living, by a resource variable and a function variable of that resource. This is 
to help generalize other outcomes. In other words, using Sen’s “capability approach” 
[28]; two vectors can be denoted; one being a resource vector (a person’s resource) and 
the other being a functioning vector (how the individual uses the resource). To evaluate 
these two vectors a numerical representation is needed, this is typically in the form of an 
index [21]. A theorized distance function is then used to analyze the vectors. The issue 
that arises is a correlation between vectors and the composite error term. If this happens 
then the indicators could be biased. For more discussion on Distance Function Approach 
see Coelli et al. 2005 [19].  
The SEM Approach is best served when analyzing a multidimensional or multivariate 




recently become more widely used [29]. SEM enables the use of multiple regression 
equations simultaneously. By deriving composite indicators on the basis of the variance 
shared between the original (rather than by summing the variables), the attenuation of 
estimates caused by measurement error is avoided [22]. Confirmatory Factor Analysis 
(CFA), Exploratory Factor Analysis (EFA), Latent Growth Modeling (LGM), as well as 
other options, are available within the SEM framework. It can be used in both an 
exploratory or confirmatory analysis style. A further discussion of SEM can be found in 
the next section. 
3. Structural Equation Modeling 
Differences between the various approaches listed above are however much smaller 
as far as the determinants of multidimensional poverty are concerned [21]. This analysis 
may change with a new focus on using these techniques for a pre and post 
implementation assessment tool. To be able to effectively assess impacts of aid within a 
community, a large variety of factors need to be analyzed; direct and indirect effects need 
to be taken into account; and the assessment needs to be flexible with both time and error 
in measurement.  
SEM allows for the incorporation and understanding of multiple relationships within 
a complicated reality. The use of latent variables is a concept within the area of SEM that 
allows the researcher to represent variables that can prove difficult to analyze through 
basic observations. Instead of using the idea of an index of indicators, SEM is able to 
avoid the errors accumulated from the summation of variables, whether weighted or not. 
The analysis of variance and covariance between multiple observable indicator variables 
allows for representation of these latent variables. For example, in a Brazilian household 
the latent variable, socio-economic status, can be represented in three indicator variables; 
building materials of the house, density of people within the house, and ownership of a 
personal boat. From these indicator variables a more robust representation can be 
obtained with the significant idea that less error will be found in the latent variable 
compared to other techniques. Basic statistical techniques can be used, such as maximum 
likelihood and others, to help estimate the path coefficients within the model.  
The general SEM analysis is typically a two-step approach when working towards a 




representation of one type of SEM model is offered in Figure 1. In the figure, the latent 
variables are represented by circles and observable variables are represented by squares. 
This model is described as the full model. There are two parts to the full model, a 
measurement model and a structural model. The measurement model describes the 
relationships between the latent variables and the observable indicator variables. Using 
CFA (see [29]) the hypothesized model (covariance matrix) is compared to a data driven 
model (covariance matrix) using the Chi-Square test of model fit [30]. If the 
measurement model does fit the data via several tests of model fit indices [31], then the 
structural model can be assessed. Using the same style of model fit a model is either 
accepted or rejected. If the model is rejected adjustments can be made (with caution) and 
then retested. Once the model is accepted, direct and indirect effects can be assessed 
between latent and independent variables. This allows for the analysis of relationships 
between factors such as socio economic status, education, health, etc. 
SEM can also be used in a purely exploratory style of analysis using EFA. If the 
researcher is uncertain as to which factor is described by which indicator, EFA allows for 
freedom amongst relationships within the measurement model. It is highly recommended 
within the literature that once a model is established through EFA, CFA is used with new 
data to test the model [29] [30].  
It is possible using SEM to create a composite index from a set of deprivation 
measures gathered in one year and to fix or ‘freeze’ it and apply it to later years, thereby 
allowing change in the composite deprivation index to be accurately measured over time 
[22]. This idea is the basis for creating an assessment tool on interventions within a 
particular community. A robust representation of factors in a particular community can 
be found through the general SEM analysis. Pre-implementation surveys allow for 
understanding of the multidimensional issues relevant to that community. Mid and post 
implementation surveys would allow organizations real time feedback on the impacts of 
the intervention. If the intervention is long term based a Latent Growth Model (LGM) 
analysis could potentially be utilized to predict future effects of the intervention.  
LGM allows for further analysis by predicting what effect continued intervention 
would have on a community [29]. Walker 2007 says LGM can be thought of as taking a 




level and the trajectory of the indicator in question over time for each case. A greater 
understanding of LGM is needed as it is a recent innovation within SEM, but shows 
much potential [32] [30]. 
Being able to correlate and analyze multiple types of variables through a robust 
graphical model introduces a tool that has potential to be used on many different levels of 
experimental analysis. For users that are not trained in SEM, such as development 
practitioners, the graphical models produced from the analysis can provide a user friendly 
interface. SEM has the potential to become a simple application tool required for all 






4. Current Work 
SEM represents both a different way of analyzing data, and a different way of doing 
science [29]. Divelbiss et al. 2013 used this approach in Guatemala to begin to observe 
how SEM could be used within intervention assessments. “In rural health development 




practice, engineers and scientists must recognize the complex interactions that influence 
individuals’ contact with disease-causing pathogens and understand how household 
habits may impact the adoption and long-term sustainability of new technology [2].” The 
term ‘new technology’ refers to the CAWST Biosand Filter which was the intervention 
that occurred within this area. With the utilization of SEM in a dual exploratory-
confirmatory analysis methodology, Divelbiss successfully described the complex 
relationships that are associated with daily living. He reports that, “the results illustrate 
how demographics, infrastructure, and practices within the home have a significant effect 
on proper operation and maintenance of the Biosand filter.” Specifically the Biosand 
filter was shown to help reduce health issues within the house. However, it was not 
among the top three most significant effects that reduced health issues. Therefore 
Divelbiss also reports, “Policy makers and development practitioners must recognize that 
single target interventions (e.g., improving water quality) have limited influence on the 
entire system.” The reader is encouraged to study the full report (see [2]).  
Although the results are location specific, the methodology behind the study allows 
for a greater understanding of the application of SEM. Divelbiss also was able to 
highlight a potential model within multidimensional poverty. To investigate the 
applicability of this model to other regions a second study site was selected. In March of 
2013 a complimentary feasibility study was directed by Voth-Gaeddert et al. 2013 [3] in 
several rural villages located west of Santarem, Para, Brazil along the Amazon River. 
Once the feasibility study was found to be successful a pilot study was then run [4]. The 
larger case study is ongoing but preliminary reports suggest the structural model 
developed by Divelbiss in Guatemala is suitable for a dissimilar region such as the 
Amazon. The underlying issue that affects all measurement tools for multidimensional 
poverty is the selection of indicator variables. However, SEM offers several different 
options to help decipher implications of different indicators.  
A second finding among all three studies [2] [3] [4] was of the significance of 
sufficient monetary income. The factor, socio economic status, had higher direct and 
indirect effects on health then the intervention itself. While the intervention itself remains 
important, the data suggests a larger focus on monetary income and job creation. The idea 




based strategy is being investigated by Schriner and Oerther. They are offering a platform 
(Pula Cloud) in which human computation work can be done benefiting both the worker 
(market driven to developing countries) and the requester (needs primarily from wealthier 
areas). Further study is encouraged to the reader in this subject (see [10]). 
5. Conclusion 
Continued efforts for solutions to poverty [10] and the evaluation of these solutions 
[3] [4] are needed. While large scale, government driven approaches are taking place, a 
partnered accountability towards these efforts will ensure appropriate interventions. A 
grass roots community based assessment tool can offer accountability on a large scale if 
implemented correctly. SEM has the potential to be used as a platform for this tool. The 
literature shows an increase in the interest and application of SEM throughout multiple 
disciplines [29]. While a holistic positive trend of diminishing poverty is taking place, 
billions are still suffering [5]. While effective, a danger of taking a holistic approach to 
solving poverty is the consequence of particular groups of people being left behind. 
Global accountability through assessments is needed to ensure a standard of living that 
every person deserves.    
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IV. ANALYZING INDICATORS OF MULTIDIMENSIONAL POVERTY 
FOR STRUCTURAL EQUATION MODELING USING 
MAHALANOBIS-TAGUCHI STRATEGY  
Abstract 
Universal access to clean water is an important and challenging goal. However, if a 
holistic view of the multidimensional system found in regions of need is not understood, 
then providing impactful aid may prove difficult. Structural equation modeling (SEM) 
offers a statistical platform in which to assess this system. SEM is a robust tool that 
utilizes latent or hidden variables that are represented by a set of indicator variables. 
These indicator variables are often selected through a priori knowledge. However, the 
Mahalanobis-Taguchi Strategy provides a pattern recognition technique for these 
indicators. MTS can either confirm the indicator variables in SEM models or provide 
seeds in indicator variables to the SEM model. A confirmatory approach was utilized for 
a SEM model that was successfully populated by data from private practitioners in 
Guatemala. Demographic and Health Survey data from this region was analyzed in the 
MTS method to confirm significant indicator variables. Of the six indicators used in the 
SEM model, four of them were in the top ten of the significant indicators found using 
MTS. Maternal education was found to be the most significant, followed by paternal 
education. MTS is able to provide a valuable tool to compliment the SEM platform being 
used to create an intervention assessment tool. 
Introduction 
By 2015, the United Nations has pledged to reduce by half extreme poverty through a 
set of eight broad goals referred to as the Millennium Development Goals; MDGs 
(United Nations, 2013). As of 2014, the only goal substantially achieved was that of 
universal access to clean water. While an optimistic view is taken by the UN, the MDG 
interim report states, “accelerated progress and bolder action are needed in many areas 
(United Nations, 2013).” In preparation for the post 2015 agenda, the UN and others have 
begun comprehensive assessments of related programs and projects all aimed at reducing 
poverty.  For example, the Peace Corps reported, “The Comprehensive Agency 
Assessment refined Peace Corps’ vision, stating that the agency will be ‘a leader, in 




understanding and respect among people (Peace Corps, 2012).’” Engineers Without 
Borders United States of America (EWB-USA) also reports, “[we] recognize the need for 
a strong and coherent planning, monitoring and evaluation framework that promotes 
learning and improved performance (Martindale, 2013).” These recent organizational 
statements suggest a shift in focus to emphasize improvements within post 
implementation assessments.  
This shift in focus can be partially attributed to the growing attention around 
multidimensional poverty originally described by econometrists Bourguignon, 
Chakravarty and Tsui (Ferreira, 2011). While access to water is a significant factor, 
several other factors contribute to multidimensional poverty as well. Several 
measurement indices that try and address this issue are the Human Development Index; 
HDI (Malik, 2013), Multidimensional Poverty Index; MPI (Alkire & Santos, 2010), 
Composite Welfare Indicators; CWI (Ningaye, Alexi, & Virginie, 2012), and the Water 
Poverty Index; WPI (Garriga & Foguet, 2011) among others. Measuring and rating 
poverty and access to clean water is an important objective, however, an arguably as 
important objective is the assessment of the implementation, such as water filters, that 
was utilized in aiding a particular region. Currently, all international and local aid 
organizations assess themselves. This concept of ‘self-revision’ is rare for professionals 
where people’s lives are drastically impacted. For this reason, as well as for critical 
feedback for the aid organization, there is a significant need for a standardized 
intervention assessment tool. Previous research by Divelbiss et al. 2013 and Voth-
Gaeddert et al. 2014 on biosand filters offer a solution to these challenges utilizing 
Structural Equation Modeling (SEM).  
SEM offers the ability to analyze multiple hypotheses simultaneously while excluding 
researcher bias in factor weights. A powerful concept that is available within the SEM 
framework is the use of latent variables. Latent (also called “hidden variables”) cannot be 
directly measured (Kline, 2005). For example, if a researcher is to measure socio 
economic status they may query about income, career field, physically owned items, 
housing material or a combination of these. Using a relevant combination of these allows 
for a more robust measure of socio economic status. SEM utilizes Confirmatory Factor 




easily interpreted. This graphical representation of the model is another significant 
attribute in SEM (Grace, 2006). 
SEM is widely used within the social sciences and lately within econometrics. 
However, (Divelbiss, Boccelli, Succop, & Oerther, 2013) was the first one to use SEM as 
an intervention assessment tool for water filtration. A small set of communities in 
Guatemala had received biosand filters to help reduce the diarrheal health burden within 
these communities. Divelbiss used SEM to hypothesize relationships among important 
community factors such as education, socio economic status, diarrheal health burden, 
sanitation, water issues and biosand filter operation and maintenance (FOM). The results 
showed that the biosand filters did not have the largest effect on reducing the diarrheal 
health burden within these communities. The significant factor was found to be the socio 
economic status of the household. Oerther & Schriner 2014 offer a solution to this issue 
in their paper, “Which has greater liquidity: money or drinking water?” Due to these 
results a second study site was selected. This study site was located in Para, Brazil among 
villages that lived along the Amazon River. Voth-Gaeddert et al. (2013; 2014) conducted 
a feasibility study in March of 2013 and then a pilot study in September of 2013. While 
the larger case study is still under investigation, early indicators point towards a more 
complex set of relationships within these two communities. The indicators used to 
describe the latent variables of household education level (HEL), socio economic status 
(SES) and household health burden (HHB) have proven to be the topic that is most 
widely disputed. 
Surveys are used to collect the data needed to populate the SEM models. Local help is 
often utilized for the collection of data. However, there are organizations that collect 
survey data globally. The Demographic and Health Surveys (DHS) Program is a US 
Agency for International Development (USAID) supported data collection organization. 
Utilizing cluster sampling they have collected household, region specific, surveys from 
Guatemala and Brazil. A brief examination of the specific survey used by DHS within the 
region of Guatemala that was studied by Divelbiss, shows promise in using DHS data to 
confirm Divelbiss’ choice of indicators for the latent variables (Instituto Nacional de 
Estadistica, 1999). A common and important issue within SEM models is the significance 




puts constraints on the sample size available for analysis. The DHS data provides robust 
sample sizes as well as a significant increase in the number of variables available for 
analysis. Utilizing the robust data set (both in sample size and variables) from DHS, 
significant indicators can be identified through pattern recognition techniques. These 
techniques can be used in one of two ways. First, the recognized indicators can be 
compared with the indicators used in the SEM models, in a confirmatory analysis. 
Alternatively, the recognized indicators could be used as a seed into the SEM model. This 
general step of indicator identification could prove to be a crucial factor in providing 
robust confirmation or seeds for latent variables. 
The pattern recognition technique used to identify important indicators was the 
Mahalanobis-Taguchi Strategy (MTS). This technique is a pattern recognition scheme 
that has gained popularity in the automotive industry. MTS aids in quantitative decisions 
by constructing a multivariate measurement scale using a data analytic method. MTS is 
unique because of the utilization of the Mahalanobis distance (MD). MD is a measure of 
distance that utilizes orthogonal transcriptions within the correlation matrix to eliminate 
issues with multicollinearity. By analyzing variances and covariances the MD approach 
differs from classical statistical approaches. It is also able to account for independent and 
dependent variables within the same set. The driven purpose of MTS is to accurately 
predict significant variables that show similar patterns within a multidimensional system 
(Taguchi & Jugulum, 2002). While the combination of SEM and MTS is not found 
within the larger body of literature, results are promising for the incorporation of MTS 
into the methodology of creating a standardized intervention assessment tool for 
developing regions using a SEM platform. 
Methodology 
Mahalanobis-Taguchi Strategy   
MD is a measure for the distance between two multivariate populations that 
accounts for means, variances, and covariances. MD takes into account the correlations 
between variables. MD is commonly used to measure the distance of a single observation 
from the center of its respective population.  Observations that differ significantly from 




population (Manly, 1994).  MTS is a discriminant analysis technique that utilizes MD 
values for prediction and forecasting. 
MTS can be used to minimize the number of variables required for diagnosis and 
to predict the performance of the system. MTS is a pattern recognition technology that 
aids in quantitative decisions by constructing a multivariate measurement scale using a 
data analytic method.  The main objective of MTS is to make accurate predictions in 
multidimensional systems by constructing a measurement scale (Taguchi & Jugulum, 
2002).   
In the MTS, the Mahalanobis space (reference group) is obtained using the 
standardized variables of healthy or normal data.  The Mahalanobis space (MS) can be 
used to discriminate between normal and abnormal objects.  Once this MS is established, 
the number of attributes is reduced using orthogonal array (OA) and signal-to-noise ratio 
(SN) by evaluating the contribution of each attribute.  Each row of the OA determines a 
subset of the original system by the including and excluding that attribute of system. The 
steps of the calculation of the MD and the identification of critical factors from MD are 
outlined as follows. 
Stage I: Construction Of A Measurement Scale.   
The first step in MTS is to construct a measurement scale using the MS as a 
reference.  To construct a measurement scale, a data set of the normal observations needs 
to be collected. A reference group with suitable variables and observations that are as 
uniform as possible is selected.  This reference group is used as a base or reference point 
of the scale. 
The collected normal observations are then standardized using Equation 1. 





=                 (1) 
where,  
• m, mean of the attribute,  
• σ , standard deviation of attribute,   
• Zi , standardized variables, and 





The standardized vector is obtained from the standardized values of Xi (i=1, 2, ..., 
k).  MD measures the distance in multidimensional spaces by accounting for the 
correlation among the attributes. The statistical meaning of MD is the nearness of an 
unknown point to the mean of the group. The following is the formula used to calculate 
MDs: 
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Where C-1 is the inverse of the correlation matrix which contains correlation 
coefficients between the variables and T is the transpose of the standard vector.  It can be 
easily proved that the average value of the MDs is 1 for all the observations in the MS.  
For this reason, MS is also called the unit space (Taguchi & Jugulum, 2002). 
Stage II: Assessment Of The Measurement Scale.   
The second step is to assess the measurement scale. In order to evaluate the 
measurement scale, observations outside of MS are used, usually abnormal or test 
observations.  The mean value, standard deviation and correlation matrix of normal 
observations are used to calculate the MD of the abnormal observations.  For good 
measurement scales, the MDs of the abnormal observations are larger than the MDs of 
the normal observations.  Dynamic S/N ratios are calculated to determine the accuracy of 
the scale. 
Stage III: Identify The Useful Variables (Developing Stage).   
In the third stage, the system is optimized.  The useful variables are determined 
using orthogonal arrays and signal-to-noise ratios.  For this purpose, OA and SN array are 
very useful to identify which attributes are important.  In the experiment, every factor is 
assigned to a column in the OA, and every row represents the experiment combination of 
a run.  A two level OA is used to represent inclusive and exclusive.  In a two level OA, 1 
indicates the level that corresponds to presence of a variable and 2 indicates the level that 
corresponds to the absence of the variable.  Each attribute will be used or neglected with 
respect to the OA and the SN ratio is calculated. 
There are many different types of SN ratios; however, MTS uses the larger the 
better or dynamic SN ratio.  In the context of MTS, SN ratio is defined as the measure of 




difference of the average SN values of each attribute when it is included and excluded.  
The classification ability is compared with the feed forward artificial neural network.  In 
the aspect of data size, efficiency and time, MTS shows good performance compared to 
neural network.  Equation (3) shows the dynamic SN ratio. 
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Where, 
• ST = total sum of squares 






• r = sum of squares due to input signal 


















• Se = error sum of squares 
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For a given attribute Xi, SN+ represents the average SN ratio of including the 
attribute Xi.  SN- represents when Xi is excluded.  
                                                         -+ -= SNSNGain           (4) 
 
If the gain is positive, the attribute is used, if not it is neglected.  After the 
confirmation test, the optimization results are compared with the before and after.  
Stage IV: Future Diagnosis With Useful Variables.   
Monitor the conditions using the scale, which is developed with the help of the useful 





Structural Equation Modeling   
SEM boasts a wide variety of uses, the particular approach that is conducive to 
modeling multidimensional poverty is through a confirmatory model. The approach used 
within the proposed assessment tool has two steps to reaching a full SEM model. All of 
the relationships within the full model are either linear or logarithmic regressions. A 
graphical representation of a SEM model is found in Figure 1. In this figure observed 
variables are represented as rectangles and latent variables are represented as circles. This 
full model is constructed of a measurement model and a structural model. The 
measurement model only includes the latent variables and the observed variables that 
serve as indicators. The measurement model for Figure 1. would include the latent 
variables HEL, SES and HHB and the supporting indicator variables (ie for HEL the 
supporting indicators are a reading test, paternal education level and maternal education 
level). Utilizing a predetermined set of indicators for the latent variables categorizes this 
technique as a CFA. Using a CFA, the hypothesized measurement model (a priori) is 
compared to the data driven model (from the surveys) using the Chi-Square test of model 
fit (16). Several other measures of model fit (data driven vs hypothesized) are 
recommended within the literature (24, one other), these include root mean square error 
of approximation; RMSEA (Hu & Bentler, 1998), Comparative Fit Index; CFI (Hu & 
Bentler, 1998) and Tucker Lewis Index; TFI(Muthén & Muthén, 2012). If the 
measurement model has adequate fit then structural model can be added to it to make the 










The structural model represents the relationships between the latent variables and 
other independent observable variables. In the case of Figure 1. the structural model 
consists of the variables HEL, SES, HHB, as well as, FOM (need to turn previous into 
acronym), improved sanitation and improved water; source, treatment and storage. So 
together, the measurement model and structural model make up the full model. The same 
model fit tests are performed with the full model and if found satisfactory, the model can 
be analyzed using Path Analysis. Path Analysis allows direct and indirect effects to be 
assessed between variables. For example in Figure 1. SES is regressed on HHB 
(represented by an arrow), and a pathway value is given (along the arrow). In 
unstandardized terms this means that as a SES increases by one unit, HHB will decrease 
by -.115 units, in essence numerically representing that an increase in SES reduces the 
issue of poor health (HHB) on average within the sampled households. 
In the case either the measurement model or full model does not fit, several options 
are still available. If multiple hypothesized models were made then a comparison 






between the fit of hypothesized models is possible. However, the popular feature of SEM 
is that it gives clues to what was wrong with the original hypothesized model. 
Adjustments can be made until an adequate fit is obtained; however, analysis of data 
needs to be done with caution as any changes made to the model imply an exploratory 
style of analysis. It is highly recommended that a new set of data is obtained and used to 
populate the restructured model for confirmatory purposes. Iterations of adjustment and 
resampling are the common statistical practice within SEM and is used in the work by 
Divelbiss and Voth-Gaeddert. 
 
 
Results and Discussion 
Pros And Cons Of SEM And MTS   
SEM and MTS both report statistical pros and cons. To understand how these two 
methods can be utilized in modeling interventions in developing regions, an 
understanding of their respective pros and cons is needed. A detailed observation into 
these two statistical tools will naturally present the opportunity for collaboration.  
SEM is most well-known for the use of latent variables. This has been a powerful 
tool in the study of social sciences and more recently econometrics. Indictor based 
Variable Definition Type
Y1 Reading and Writing Score Ordinal
Y2 Paternal Education Level Ordinal
Y3 Maternal Education Level Ordinal
Y4 Improved Roof Dictomous
Y5 Owns a TV Dictomous
Y6 Owns a Shower Dictomous
Y7 Has Multiple Working Lightbulbs Dictomous
Y8 Improved Water Storage Material Dictomous
Y9 Severity of Sickness Ordinal
Y10 Occurrence of Sickness Ordinal
Y11 Wait Period of Sickness and Doctor Visit Ordinal
Y12 Children Under 11 Dictomous
Y13 Filter Operation and Maintenance Ordinal
Y14 Improved Sanitation Dictomous
Y15 Improved Water Source Dictomous
Y16 Improved Water Treatment Dictomous
Y17 Improved Water Storage Dictomous





Figure 2. SEM latent variable 
described by three indicator variables 
 
measures have become more popular in recent years (ie. HDI, MPI, WPI), however, 
many of these indicators utilize a summation or weighted summation of indicators. 
Within the summation of indicators is also the summation of the measurement errors 
associated with each indicator. SEM is able to avoid this issue and allow the indicators to 
represent the latent variable the best. With a robust set of latent variables the structural 
model is that much stronger. The relationships within the structural model can be 
assessed using Pathway Analysis described in the methods section. Path Analysis offers 
the ability to not only observe significant variables in comparison with others, but to look 
at direct and indirect effects from these variables. This is critical when assessing the 
complex set of parameters that are found in impoverished regions. Finally, SEM is often 
represented graphically to help visualize relationships to those that are less familiar with 
SEM (see Figure 1.). While these traits create a strong argument for the usage of an SEM 
platform for an assessment tool, there are issues that underlie these benefits.  
Several common issues within SEM are often cited throughout the literature. A 
misuse of SEM in terms of causal modeling has become more frequent. SEM does not 
determine the cause of one variable to another, predetermined pathways (the arrows in 
Figure 1.) represent the hypotheses that the researcher establishes prior to data collection. 
Also needed, are appropriately labeled variables in the graphical model. One issue with a 
latent variable, as in Figure 2. is mislabeling. For example, the term HEL is a latent 
variable with specific indicators. Interpretation to overall cognitive abilities was the intent 
Figure 3. MTS visual simplified method of 





of this label; however, ‘education level’ is widely associated with school. Time must be 
devoted to properly attributing names to graphical variables. Fit indices to which models 
are measured to be adequate for interpretation have been disputed within the literature 
(Barrett, 2007; Bentler, 2007). For this reason, Muthen & Muthen offer four measures of 
fit within their software package, MPLUS 7, which has been used in the research in 
Guatemala and Brazil.  
Finally, one of the most significant issues within SEM is in regards to the 
indicator variables used to describe the latent variables. Throughout much of the 
literature varying methods of selection are used to determine significant indicators. These 
methods include ranking physical assets as within the Guttman Scale (Guest, 2000), 
summing values of physical assets per household (Undurraga et al., 2010) or weighting 
income and labor type (Deaton, 1997). This is by no means an exhausted list but covers 
the general range of techniques whether predetermined weights (or significance) are 
given to the different indicators or not. Unfortunately many of these techniques bring a 
significant amount of either error or bias. In SEM the indicators are chosen before 
collection and the measurement model is then run as a confirmatory analysis. The issue 
becomes the high number iterations that are required to find a combination of indicator 
variables that satisfy the model. Even more troubling is the fact that while these 
indicators explain the variance within the latent variable “adequately” other indicator 
variables may be left out that would further explain the model. Fortunately, techniques 
are available that allow significant indicators to be easily identified. One such technique 
is MTS. 
MTS is a multivariate analysis technique that takes on the basic model of a 
multidimensional system. It is typically utilized to minimize the number of variables 
required to explain the system (see Figure 3.). This is performed through an analysis of a 
correlation matrix. The patterns of observations in a multidimensional system highly 
depend on the correlation structure of the variables in the system. Where the 
measurement model in SEM is left to a ‘guess and check’ method, MTS is able to 
statistically determine indicator variables that are significant. This style of analysis is 
done through the MD methodology. MD differs from other approaches in two ways; first, 




ranges of acceptability between variables meaning it compensates for the interactions. 
There are very few complex systems that lack dependence between all variables which is 
where error can enter the analysis. Where SEM lacks statistical backing, MTS offers a 
robust diagnostic tool, capable of highlighting significant indicator variables within a 
complex system.  
With all statistical analysis tools knowledge of common mistakes is critical in 
executing an appropriate diagnostic. For MTS, variables are normalized using the 
assumption of a normal distribution. However, if the distribution is known, that 
distribution could be applied to normalize that variable. Also, there are no set criteria 
currently for MDs in the abnormal observations verses the normal observations, but 
abnormal data can be used to verify per set criteria. Finally, the use of full and fractional 
factorial designs should be selected with caution, if time permits a full factorial design 
should be used, however, in many cases (especially within the automotive industry) data 
analysis is needed quickly and fractional factorial designs offer the benefit of saving time 
and money. With a full understanding of the methods used within MTS, the technique 
can offer an important guide to finding significant indicator variables for use in SEM 
models. 
MTS Analysis On DHS Survey Data From Guatemala   
The data used for analysis was collected via a household health survey that was 
administered per house selected through cluster sampling. There were 5587 households 
surveyed in Guatemala, however surveys not categorized as rural and in the Quiche 
region were eliminated. The sample size of this analysis was n=256. Using the method of 
MTS which operates with the adjoint of the correlation matrix, a ranking of significant 
variables in the data set was found. This method is able to handle highly correlated 
variables and still accurately predict patterns.  
Table 2. lists the top predictions of variables that have the highest significance 
within the health survey used. Table 3. offers a list of variables utilized in the Divelbiss’ 
model that were selected a priori for the SEM model in Quiche, Guatemala. The Table 2. 
data is presented in significance order that MTS produced. It shows that education in the 
house accounts for the largest amount of variability within the health survey. Socio 




within the health survey. This can be seen in the listing of ownership of a car, a kitchen 
being present in the home, ownership of a motorcycle, and the presence of a chimney in 
the kitchen. Of the top ten significant variables, the source of drinking water and the time 
it takes to get to the source of drinking water were the important water quality related 
indicators. Figure 4. shows a typical MTS output which allows for analysis of the 





  The MTS output can then be compared to indicator variables used within the 
SEM model to confirm significance. The indicators from Divelbiss et at. 2013 were the 
focus of this MTS analysis. Of the six indicators in Table 3. that are available for 
comparison, four of them are within the top ten of significant variables recognized by the 
MTS method. Paternal and maternal education levels, improved water source, and 
household population density were all confirmed as significant indicators in fully 
explaining what contributes to health within the household. Wall material falls farther 
down on the significance list but still helps to explain some of the variability within the 
survey. These results are promising, not only to the assistance of the SEM platform but 
also to highlighting the need for increased efforts in education and job creation for the 
health of impoverished regions. See Appendix C for extended list of significant variables.  
Figure 4. Results are reported in a signal-to-noise ratio (dB) where positive blue bars 





With the limitation of magnitude and direction of the predicted variables, MTS can 
still be a very useful tool in the confirmation of significant indicators. It should be 
recognized that where MTS does not allow for analysis of direction of the correlations 
between variables, Mahalanobis-Taguchi Gram-Schmidt (MTGS) method can service 
this need. MTGS uses Gram-Schmidt orthogonalization which can handle highly 
correlated variables, like MTS, however, it also allows for analysis of directionality. To 
gain further insight to the details of significant variables, the MTGS method offers a 
promising option. In future work, MTGS will be utilized as a confirmation technique as 





SEM offers a robust statistical tool for modeling water related interventions in 
developing countries. Understanding the community in which the intervention is being 
implemented in provides the partnering organization critical knowledge of how best to 
offer aid. SEM may become tedious and expensive if the system being analyzed is not 
well understood. This is where MTS can provide crucial information to help save time 
and money. MTS has the potential to be used in one of two ways. It can either offer 
confirmation of correct a priori selected indicators or offer a seed to which decisions of 
indicator variables can be made. In this analysis MTS was used in a confirmatory 
Table 2 - Indicators from MTS Analysis
Maternal education Level
Paternal education Level
Source of drinking water
Ownership of car
Number of family members
Time to water source
Sex of household
Place/room to cook (kitchen)
Ownership of motorcycle
Chimney present in kitchen
Table 2. Indicators from MTS 
Analysis 
 
Table 3 - See Divelbiss et al. 2013
Paternal education level
Maternal education level
All speak spanish in home*
Improved water source





*Not Asked in DHS Survey
Table 3. Indicators from 





technique in relation with SEM. MTS confirmed the previous results of Divelbiss et al. 
2013 and Voth-Gaeddert et al. 2014 that education and socio economic status have a 
significant effect on health within rural impoverished communities.  
Early indications show that MTS can provide support for analysis in SEM. The use of 
MTGS will allow for a more robust confirmation tool or seeding tool for SEM. While 
water continues to be an important variable in the system that is multidimensional 
poverty, a holistic focus is needed when assessing aid to people in poverty. SEM, with 
the collaboration of MTGS, can provide a platform in which to create a crucial 
intervention assessment tool that will provide international aid organizations with much 
needed direction. 
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Through the prior four manuscripts the body of work for this thesis can be 
observed. Two separate research trips established the first two manuscripts. A literature 
review presented in the third manuscript outlined the general field of multivariable 
analysis in developing country assessments. Lastly, the fourth manuscript offered a 
confirmation of the researcher hypothesized indicator variables used in the original study 
by utilizing a pattern identification tool. These manuscripts each offered a part of the 
answer for the original hypothesis that the CAWST biosand filter is the most significant 
factor in the reduction of diarrheal occurrences in developing communities. 
The analysis for the first research trip presented in Paper 1, Figure 3 utilized 
bootstrapping and frequency analysis to populate the SEM model. FOM did show a 0.1 
reduction of DHB, meaning that as a one unit increase in FOM occurred a 0.1 reduction 
in the DHB occurred. However, HEL had an even greater effect on reducing the DHB 
with a 0.5 reduction ratio. With education being the most important the original 
hypothesis was not supported in the first iteration. For the supporting hypotheses (see 
Table 1.1.) four of the eleven were supported and the others were not found relevant 
enough to be displayed in the model (this will be investigated further in the next 
paragraph). The variables HEL, SES, STP and AWT were all found to positively affect 
the FOM in that order of significance. This meant that the education of the household was 
the most important factor in properly maintaining the filter.   
A correlation matrix was also analyzed to further investigate relationships; 
however, as noted before, causality cannot be inferred with a correlation matrix (see 
Paper 1, Table 2). With this in mind, the first observation that can be made is the 
consistently negative relationship between variables related to SES and variables related 
to DHB. Of the 18 relationships, 16 of them were negative. This suggests that either 
people with a higher SES have fewer issues with diarrhea or that people with less 
diarrhea often have a higher SES. The second observation that can be made is in regards 




variables had negative relationships with diarrhea being the most persistent health issue 
in the household. IWS and IWT also had a negative relationship with the question of 
having diarrhea in the past two weeks. These relationships helped to support the 
supporting hypotheses.  
The model presented in Paper 2, Figure 2 depicts the second iteration completed 
for the region of Para, Brazil. This model populated with data from two new villages 
passed the measurement model fit tests but failed to satisfy the full model fit tests (the 
same tests are used for each stage). Investigation of this model can offer insight to both 
the relationships captured by the data and the reason for model failure due to 
misspecification. Prior to analysis, it should be noted that due to a lack of diarrheal 
occurrences within the village (5%) during the dry season, the DHB variable was 
modified to include overall health of the household (Household Health Burden; HHB). 
The first relationship to assess is the FOM (or y13) variable and the HHB variable. A, 
almost, negligible relationship can be found suggesting that the filter had very little 
influence on the health of the household. As compared to all other relevant variables in 
the model, FOM had the smallest effect on HHB. This does not support the original 
hypothesis. The variable that had the largest direct effect on HHB was that of sanitation. 
This was closely followed by the SES of the household. This infers that families with 
proper sanitation and a higher SES are found to be healthier. The reason for inadequate fit 
in this model was due to the improper selection of indicator variables for the latent 
variable HEL. This can be seen through investigation of residuals in the output given by 
MPLUS 7. This can also be confirmed through the unexplained variation found in the 
HHB variable. Currently the HEL variable has a positive .403 relationship with HHB, 
inferring that as a household’s cognitive ability increases their health burden also 
increases. This concept has generally been rejected by most aid organizations and 
documented in the literature as so too (Grosse 1989). The fact that there is a large 
unexplained variance in HHB and that the HEL influence is significant in the wrong 
direction (positive not negative) is not a coincidence. This also offers the suggestion that 
HEL is crucial for fully understanding the HHB variable.  
Finally, confirmation of the first study complete by Divelbiss’ team was done 




was used to identify significant variables within the data set. First, it was observed that of 
the six applicable variables that Divelbiss selected, four of them were found within the 
top ten of the 83 variables. The other two were also found to be in the top half of the data 
set. The second finding was that the most significant variable identified by more than 
twice that of the others was the maternal education level. The next was the paternal 
education level followed by the drinking water source. While this health survey did not 
analyze the usage of the CAWST biosand filter, water importance was still found to be 
second to education. It should also be noted that a majority of the other variables within 
the top ten were SES variables. These findings support the model in which Divelbiss used 
and was then translated for use in Brazil within this project. While these findings do not 
directly support or reject the original hypothesis for this thesis, it does suggest a more 
complex environment in which many organizations work.  
From these results it can be observed that the original hypothesis that the CAWST 
biosand filter is the most significant factor in the reduction of diarrheal occurrences in 
developing communities, should be rejected. Factors that were consistently significant 
were household education level, socio economic status, improved sanitation and 
improved water source. While the CAWST biosand filter was shown to reduce diarrheal 
occurrences a holistic approach is needed when studying the complex environment in 
which it is found. Organizations that focus on implementing one project central to their 
expertise, need to be aware of the complex system to which they are infiltrating. While 
needs of people vary greatly across the developing world, it is the recommendation of 
this author that education or economic sustainability be part of a dual implementation if 
any aid is deemed necessary. Understanding the influences that pertain to the central 
embodiment of health is crucial to creating the largest positive impact within 
impoverished communities. 
 Finally, the traditional recommendation for further work needs to be offered. 
While these results are intriguing, a wider body of work is needed to create positive 
change within the field of foreign aid. This methodology is planned to be replicated to 
two other sites in vastly different regions of the world. The model in which was used has 
potential to provide a basic assessment tool for NGOs looking to understand the 




themselves, this concept is highly frowned upon in other fields such as academics, health 
care, and business, yet no standardized assessment tool has been created. As the reader 
may now be aware, throughout the body of this article the argument is for the use of this 
tool and the platform of SEM for assessments of interventions. Further research will be 
























































































Survey of Owners of CAWST Biosand Water Filters 
 
 Be accurate and write legibly 
 If response is written incorrectly, strike line through it and rewrite correct response to the right 
 If response is circled incorrectly, put an X through incorrect answer and circle correct response 
 If response is unknown, write unknown 
 Have interviewee sign document showing an understanding of research only usage of information 
 
[MAKE SURE THEY UNDERSTAND THERE ARE NO RIGHT OR WRONG ANSWERS TO THIS SURVEY, 
WE ARE YOUR FRIEND, WE ARE LEARNING TOGETHER AND HOPE YOU FEEL COMFORTABLE 
AROUND US AND FEEL ABLE TO ASK ANY QUESTIONS YOU WANT TO US] 
 
[INFORM INTERVIEWERS THAT IN QUESTIONS WITH CHOICE ANSWERS TO GIVE THE 
INTERVIEWEE A CHANCE TO ANSWER WITHOUT A PROMPT, IF A PROMPT IS NEEDED RESTATE 
QUESTION AGAIN AND THEN TRY AND GIVE BASIC EXAMPLES. THE LESS IDEAS THAT WE PUT 
INTO THEIR HEADS THE BETTER] 
. 
 
Survey Number:  _________________  (Survey Set – Number in Set, Ex. 1 – 1, 1 – 2) 
 
Interviewee Signature:  
 
Please write answer in blank provided: 
- How tall are you? 
 
- How old where you when you had your first child? 
 
- How many people in the household are below 20 years? 
 
- What job is the most common among people who inhabit the particular area adjacent to the 
turbulent Amazon River? 
 
Community Name:    _____________________________ 
 
Name of Interviewer: _____________________________ 
 
Date of Interview:   _____________________________ 
    
Household Name:      __________________________________ 
Water Source 
 
1. How cups of water do you and your family drink per day?……………………………….  
_____________ 
 
2. What is your primary water source for drinking?       Open Well    Closed Well    River    
Bottled Water    Community Distribution System    Other _____________ 
 
3. What is your primary water source for washing and cleaning?      Open Well    Closed Well    
River 





4. How do you get water during the dry season?     
              
                                                  Open Well    Pump from river    Walk to river     
Bottled     
                                                               Closed Well    Community Distribution System    Other 
______________ 
 
5. How many meters away is the water source during the low point of the dry season?           
______________ 
  





7. What water do you drink when not at home? 
 
                         Unfiltered River Water    Purchase bottled    Open Well    
Closed Well                Filtered River Water    Bring water from 
house    Other _______________ 
 
8. Do you or your family filter your water through your biosand filter before drinking it?                       
YES    NO 
(If 8. is NO go to 15.) 
 
9. What percentage of your water that your family drinks is filtered through the biosand filter?             
________ 
 
10. How many days of the week do you or your family use your filter? ………………..   7    6    5    4    3    
2    1 
 
11. Do you treat your water before it goes through the biosand filter? .…………………………………   
YES    NO 
 
a. If YES, how?             Chlorine    Solar Disinfection    Filter through 
Towel 
          Boil    Settling/Clarification    Other 
_______________ 
 
12. Do you treat your water after it goes through the biosand filter? ……………………………………   
YES    NO 
 
a. If YES, how?                       Chlorine    Solar Disinfection    Filter through 
Towel     
Boil    Settling/Clarification    Other _______________ 
 
13. Does the individual using the filter use different containers for gathering of water from the source 




            
YES    
NO 
 
14. How do you store your drinking water? 
           Do not store water     In container with no lid or cover     In container with lid but no spigot 
or tap     





15. What type of toilet facility is used?                  
b. During rainy season            Latrine to river    Latrine to closed pit    Bucket/Barrel    
Bush/Field 
    Flush/Pour flush to closed pit    Piped/Septic Tank    Other 
____________ 
 
c. During dry season         Latrine to riverbed    Latrine to closed pit    Bucket/Barrel    
Bush/Field 
    Flush/Pour flush to closed pit    Piped/Septic Tank    Other 
____________ 
 
16. Is this toilet facility shared with other families on a regular basis? ...……...………………………….  
YES    NO 
 
17. How often do family members use soap while bathing in a week? …..………………………   
_____________   
 
18. What do you do with household trash?           Burn    Garbage boat    River    Other 
_____________ 
 





20. Age of CAWST Biosand Filter: ………………………………………………………………….
 ____________ 
 
21. # of Bedrooms in Dwelling: ……………………………………………………………………….   
____________ 
 
22. What health issue is most common within your family?       Diarrhea    Fever    Cough    
Headache    Other 
 
23. Within your family, has there been at least one case of diarrhea in the last week?            YES    
NO 






b. If YES, how many total days did the family member with the longest case of diarrhea 
within the household have it within the past week? …………………………………………….   
______________ 
 
24. How many days does a single family member wait before retrieving medicine from the health post 




25. How do you usually get to the health post or health center?    Taxi Car    Taxi Boat    Personal 
Boat 





26. Have you used the internet in the last month? …..……………………………………………………..  
YES    NO 
 
27. Do you own a mobile phone? …………………………………………………………………………….  
YES    NO 
 
Occupant Information: 
                   Name                  Age      Highest Year Completed                       English or Spanish 
Father:         ___________     _____     0  1  2  3  4  5  6  7  8  9  Secondary           YES     NO 
 
Mother:        ___________     _____     0  1  2  3  4  5  6  7  8  9  Secondary           YES     NO 
 
Children:      ___________     _____     In School        Not in School                        YES    NO 
        ___________      _____     In School        Not in School                        YES    NO  
        ___________      _____     In School        Not in School                        YES    NO  
        ___________      _____     In School        Not in School                        YES    NO  
        ___________      _____     In School        Not in School                        YES    NO  
Other:          ___________      _____    0  1  2  3  4  5  6  7  8  9  Secondary            YES    NO 
        ___________      _____    0  1  2  3  4  5  6  7  8  9  Secondary            YES    NO 
 
 
(Circle which person was interviewed) 
 
Observation (to be done by interviewer) 
 
28. Dwelling Flooring Type(s): …………………………………………...………… Wood    Concrete    
Dirt    Other 
 
29. Dwelling Wall Type(s): …………………………………………...…… Wood    Concrete    Dirt    
Metal    Other 
 
30. Dwelling Roof Type(s): ………………………..………………  Wood    Concrete    Thatched    





31. Type of Road Leading to Dwelling: …………..………………………  Water    Concrete/Paved    
Dirt    Other 
 
32. Does the family have in the house: 
Television     Radio     Large Water Storage Tank     
Shower  
                                                                                         Garden     Animals/Pets     MULTIPLE working 
light bulbs 
                Gas/Electric Stove     Fire pit for 
cooking  
 
33. How many locations are available for hand washing in the house? …………………………………   
________ 
 
34. Are these located in ATLEAST ONE of the areas where the family washes their hands? (Circle all 
that apply)    
 
      Water    
Soap    Towel 
 
35. How far is the toilet facility from the water gathering source (meters)? …….……………   
________________ 
 
36. Investigation of household hygiene: 
a. Flies present? ……………………………………………………………………………………  
YES    NO 
 
b. Animal pen within ___m of house or if elevated above water, connected to house?      .   
YES    NO 
 
c. Animals where they prepare food? ……………………………………………………………  
YES    NO 
 
Observe Water Storage Container 
 
37. What kind of container is used to store filtered or treated water? 
         Clay    Plastic    Metal    Other 
_____________ 
 
38. What does the water storage container look like? (Circle all that apply) 
 
        Completely covered with lid     Open, uncovered     Narrow opening     
Spigot  






39. Is there a diffusion/baffle plate which is undamaged and without cracks? …………………………..  





40. Is the filter in a suitable place? …………………………………………………………………………… 
YES    NO  
 
41. Is the sand surface flat and level? ……………………………………………………………………….  
YES    NO 
 
42. Are there leaks in the concrete filter body? ……………………………………………………………..  
YES    NO 
 
43. Is there a well-fitting lid? …………………………………………………………………………………..  
YES    NO 
 
44. What is the depth of the water above the sand (cm)? ………………………………………..   
______________ 
 
45. What is the flow of the filter (secs/100mL)? ……………………………………………………  
______________ 
 
46. Is there a pipe or valve placed at the output of the filter? ……………………………………………..  
YES    NO 
 
47. Is there a mesh fitting at the output of the filter? ……………………………………………………….  
YES    NO 
 
48. Is the output of the filter clean/clear? …………………………………………………………………….  
YES    NO 
 
49. Household Economic Level:    Low     Medium     High     Random 
 

































































































































TOP 50 SIGNIFICANT INDICATORS FOR HEALTH IN DHS SURVEY 
















































































1 Mother's Educational attainment
2 Father's Highest educational level
3 Source of drinking water
4 Has car
5 Number of family members in house
6 Time to get to water source
7 Sex of head of household
8 Has a place/room to cook
9 Has motorcycle
10 Has a chimney in the kitchen




15 Main roof material
16 Sample stratum number
17 Has horse/mules
18 Type of toilet facility
19 Language of interview
20 Highest year of education
21 Age of household members
22 Has electricity
23 Highest year of education
24 Has radio
25 Age of head of household
26 Education in single years
27 Quintiles of wealth index
28 Garbage disposal
29 Main wall material
30 Member still in school
31 Has tractor
32 Wealth Index from factor scores
33 Salt contains iodine
34 Number of household members
35 Member still in school
36 Education in single years
37 Usual resident
38 Number of de facto members
39 Iodized percent
40 Usual resident
41 Slept last night
42 Age of household members
43 Fuel used to cook
44 Number of children 5 and under
45 Sex of household member
46 Has television
47 Relationship structure















































Improved Sanitation and Water Treatment, Storage and Source 
 
All scoring was derived from definitions provided by the World Health Organization. For 
further information see (World Health Organization, 2012), (World Health Organization, 
2006). A 1 was given for improved and a 0 for unimproved.   
 
Paternal and Maternal Education Level 
 
A number of organizations including World Bank and the United Nations utilize the 
school education level heavily. The specific definition may vary however, within our 
survey it can be seen as the last school grade or level completed (International Household 
Survey Network, 2009). One point was given for each grade level completed.  
 
Reading and Writing Test 
 
The reading and writing test consisted of four questions increasing in difficulty of reading 
and comprehension. The interviewee was asked to read the sentence and then write their 
response. A point was earned for every higher level question answered and written 
legibly. If the respondent asked for help on understanding or reading, the location at 





Three different types of roves were typically found throughout the communities. 
Households received a 1 if they had a clay tiled roof and a 0 if they had a corrugated 
concrete or thatched roof.  
 





Several different items were investigated that were thought, from a priori knowledge and 
local guides, were desirable items to possess. These items included a television, radio, 
water tank, shower, garden, animals or pets, gas or electric stove. The possession of these 
items was theorized to reflect the level of socio economic status in which the household 
was. It should be noted that while this indicator relies heavily on the researcher, the 
analysis in the MTS section of this paper gives hope to the mathematical steps to 
identifying indicators. A 1 was given if they owned the item and 0 if they did not.  
 
Working Light bulbs 
 
The investigation of working light bulbs within the household was also used to indicate 
socio economic status. It was thought that if a house used more light bulbs this may 
indicate multiple things; first a need for more light at night for homework or other work, 
increase in room size or number of rooms, access or knowledge of the power system in 
the village and the money to run the system. A 1 was given if they had multiple working 




The household density also reflected the economic status of the house. It was the number 
of people living in the house divided by the number of rooms in the house. A higher 
number reflected the potential for worse living conditions in theory.  
 
Occurrence of sickness (or diarrhea) 
 
The interviewee was asked if they have had sickness (or diarrhea) in the last two weeks. 
Two weeks was selected based on surveys from the World Bank and articles on recall 
periods (Arnold et al., 2013). A 1 was scored if sickness (or diarrhea) was present and a 0 
if not. Sickness was measure in Paper 2 while in Paper 3 diarrhea was measured, this was 
dependent on the actual occurrences in the data. During the low season, diarrhea is less of 





Multiple cases and length 
 
If sickness (or diarrhea) was found to be present, the interviewee was then asked how 
many times this occurred over a two week period. This would indicate if the 
contamination is consistent or if it may have been contracted outside of the home. Length 
of the bout of diarrhea was then asked to understand severity level. Again, a 1was given 
if diarrhea was an issue in either of these separate questions or a 0 if it was not.  
 
Children under five 
 
It can be thought that if a house has an increase in diarrheal occurrence they are more 
likely to have small children, as children are at a higher risk of contracting diarrheal 
related diseases (Bartram, 2008). If the household had at least one child under five they 
received a 1, if they did not, the household received a 0.  
 
Filter operation and maintenance 
 
A combination of ten questions and observations were based on scoring the usage of the 
filter by the household. Water samples were taken in the first administration of surveys to 
compare correlation of FOM and DHB to contamination levels (Centre for Affordable 
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